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Abstract
Previous work by Moss et al. (2001) reported surface associated protists on the
ctenophore Mnemiopsis sp. They frequently observed the ciliate Trichodina ctenophorii
and a Flabellula-like amoeba attached to the comb plate surface. They noted that the
ciliate and the amoeba were found on the subsagittal, subtentacular, and the auricular
comb plates. The amoeba had a maximum width of about 15 µm and cells were crescent
shaped. Ultrastructural evidence suggested that these protists were parasites although the
exact nature of the association remained to be determined. This was the background for
the present study.
The present investigation documented the frequency of occurrence of
gymnamoebae on ctenophores around Florida to assess the universality of this
association. In addition, the study estimated the number of Flabellula-like comb plate
amoebae per comb surface. The study also set out to isolate all surface associated
amoebae, including the Flabellula-like amoeba ‘symbiont’, using a variety of media
formulations. The goal was to provide material to facilitate the identification and
characterization of this amoeba.
Over the 2 year duration of the project, 140 Mnemiopsis sp. were collected from
16 locations around Florida and surface tissue was processed for attached gymnamoebae.
Eleven morphotypes of amoebae were isolated from 52 of the 140 Mnemiopsis sp. The
Flabellula-like gymnamoeba was present on 85% of the specimens, and the greatest
concentration on Florida ctenophores was 946 amoebae mm-2 of comb plate surface. One
isolated amoeba closely resembled the Flabellula-like amoeba described by Moss et al.
(2001). It is interesting to note that although most ctenophores harbored the ‘symbiont’ it
was only isolated into culture 2% of the time. No geographic factors appeared to favor
the presence of amoebae on ctenophores. The shortest generation time (ie. fastest growth)
calculated for the flabellulid amoeba was 20.9 hours at a salinity of 10 ppt and a
temperature of 23 C. The amoeba grew best in seawater supplemented with malt/yeast
extract to stimulate the growth of attendant prey bacteria. The results suggest that this
amoeba, which was numerous on the surface, was predisposed to life on the ctenophore
surface and could only be switched to laboratory conditions with difficulty. The amoeba
had an unusual stage in the life cycle forming large fused, multinucleate cells in old
cultures. This, together with its unique appearance (not resembling any published
species) and the problems in amplifying its DNA by PCR (encountered by collaborators
at Wood’s Hole Oceanographic Center) suggest that it an interesting amoeba new to
science.
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1.0

INTRODUCTION
Ctenophores, also known as comb jellies, are gelatinous predators of the marine

environment housed within the invertebrate phylum Ctenophora. They are transparent
macrozooplankton distinguishable from other organisms by their biradial symmetry and
eight ciliated meridional bands called comb rows (Figure 1). Each band is composed of
plates of partially fused cilia termed ctenes or comb plates (Purves et al., 1998; Karleskint
et al., 2006). The ctenes are comprised of hundreds of thousands of long cilia that come
together to form a rectangular paddle (Afzelius, 1961). These paddles, which may reach 2
mm in length, beat simultaneously to propel the animal forward through the water, with
its mouth, or oral pole, leading (Karleskint et al., 2006). Of the animals that use cilia for
locomotion, ctenophores are the largest. However, perhaps because of their size, some are
very weak swimmers (Afzelius, 1961; Brusca and Brusca, 1990; Ruppert and Barnes,
1994). This beating of the cilia also provides a feeding current to propel food to the
mouth of this delicate animal (Brusca and Brusca, 1990; Karleskint et al., 2006).
1.1

Classification of the Ctenophora
The phylum Ctenophora consists of approximately 100 species, all of which are

marine organisms. The phylum is divided into two distinct classes primarily based upon
the presence of tentacles (Pechenik, 1985).
1.1.1

Class Nuda
Members of the class Nuda lack tentacles and are contained in the single order

Beroida. The beroids are cylindrical in body form and somewhat flattened. They also lack
oral lobes but have muscular lips surrounding the mouth (Pechenik, 1985; Ruppert and
Barnes, 1994). The mouth of these organisms can be widened, allowing them to prey on
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Figure 1: Mnemiopsis sp. showing ciliated comb rows, mouth, auricles, statocyst and
oral lobes.
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animals larger than themselves. They often consume other ctenophores, including other
beroids (Pechenik, 1985; pers. observ., 2005). The primary genus of this order is Beröe,
which is commonly pink in color and can grow up to 20 cm in length (Hyman, 1940).
Little is known of the other genus, Neis (Brusca and Brusca, 1990).
1.1.2 Class Tentaculata
The class Tentaculata is most commonly divided into four orders, all of which
possess tentacles at some stage in their life history (Pechenik, 1985), however, some
(Mills, 1998) include up to eight orders.
1.1.2.1 Order Cydippida
The Cydippids have a rounded or oval body with long, branched, retractable
tentacles. The order is comprised of at least 25 genera including the genus Pleurobrachia,
which is commonly found along the coastlines of the United States (Hyman, 1940;
Ruppert and Barnes, 1994; Mills, 1998).
1.1.2.2 Order Cestida
The order Cestida has a long ribbon-shaped body which is compressed laterally.
These ctenophores also have greatly reduced tentacles (Pechenik, 1985; Ruppert and
Barnes, 1994). There are two genera in the order, Cestum and Velamen, both of which
can be found in waters surrounding Florida (Hyman, 1940).
1.1.2.3 Order Platyctenida
The members of the order Platyctenida also have a compressed body form,
however, these ctenophores are flattened along the oral-aboral axis. They have comb
plates that are greatly reduced or absent and are adapted to creep over solid substrates.
The order includes the genera Coeloplana, Ctenoplana, Tjalfiella, Lyrocteis, Savangia
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and Vallicula (Mills, 1998). Little information is available for the members in this order,
however, many genera seem to be common off the east coast of Japan (Hyman, 1940;
Pechenik, 1985; Ruppert and Barnes, 1994).
1.1.2.4 Order Lobata
The lobate ctenophores have very reduced tentacles and large muscular oral lobes
surrounding the mouth (Figure 1). Many genera, which includes Mnemiopsis, Bolinopsis,
Leucothea, Bathocyroe, Alcinoe, Eurhammphaea, Lesueuria, Deiopea,and Ocyropsis, can
be found in the Atlantic waters along the United States coastline (Brusca and Brusca,
1990; Ruppert and Barnes, 1994; Mills, 1998). The genus Mnemiopsis was the focus of
the present study.
1.2

Mnemiopsis species
The genus Mnemiopsis currently consists of two named species: Mnemiopsis

leidyi and Mnemiopsis mccradyi, although the validity of both species is in question
(Larson, 1988). These species are described as coastal ctenophores and are virtually
indistinguishable based on morphological and physiological features (Seravin, 1994).
Mnemiopsis mccradyi is sometimes distinguished by the loose diagnostic feature of a
more rigid mesoglea. It can also have, on occasion, a different color tint (NIMPIS, 2002).
Most commonly, the species are distinguished by their geographic location, by
environmental features of their habitat, or nutritional variations in their diet (Shiganova,
2001). In 1994, Seravin attempted to solve the problem by proposing that both were
members of a single polymorphic species. However, this was not universally adopted and
the controversy continues. For the purpose of this study, a species distinction was not
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necessary, and all ctenophores of the genus will be referred to as Mnemiopsis species
(Mnemiopsis sp).
1.2.1

Biology
The adult animal’s maximum length is 100 – 120 mm. The ctenophore has eight

rows of ciliated combs, all of which are iridescent during the day (NIMPIS, 2002).
Mnemiopsis sp. is laterally compressed and bears two oral lobes and four smaller lobes
called auricles that surround the mouth (Figure 1). All of these lobes are ciliated (Hyman,
1940; Brusca and Brusca, 1990). The orientation of the comb plates on the lobes differs.
The muscular oral lobes bear plates that overlap vertically called subsagittal comb plates
while the auricular lobe comb plates overlap horizontally and are termed auricular plates
(Hyman, 1940; A. Moss, pers. comm., 2005). The oral pole surrounding the mouth is
located at one end of the animal. At the other end, the aboral pole, an apical sense organ
termed the statocyst, can be found (Figure 1) (Hyman, 1940; Brusca and Brusca, 1990;
Ruppert and Barnes, 1994).
1.2.2

Swimming
The lobate ctenophores display two modes of swimming. They can use their comb

plates to provide forward and reverse movement or they can contract their oral lobes for
rapid reverse movement. The comb plates begin a wave of synchronous motion at the
aboral end of the animal which progresses forward toward the mouth. Each comb sweeps
toward the aboral pole and propels the animal forward with the mouth in the lead
(Hyman, 1940; Brusca and Brusca, 1990; Ruppert and Barnes, 1994). The statocyst
controls the movement and coordination of the comb rows (Figure 1) (Hyman, 1940).
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The lobates can also move by contraction and relaxation of the oral lobes allowing them
to act like wings (pers. observ., 2005).
1.2.3

Feeding
Mnemiopsis are heterotrophic predators that feed on other planktonic animals

(Hyman, 1940; Brusca and Brusca, 1990; Ruppert and Barnes, 1994; Shiganova, 2001).
Adult Mnemiopisis bear very short tentacles, which in other orders are used for feeding.
Instead, Mnemiopsis searches for food, swimming mouth forward with its lobes open.
Small zooplankton become entrapped in mucus on the oral surface of the lobes (Hyman,
1940; Ruppert and Barnes, 1994; Shiganova, 2001). The prey is transported to the mouth
via ciliary currents produced by the auricular plates (Brusca and Brusca, 1990).
Ctenophores feed on a great variety of prey ranging from nauplii and molluskan larvae to
copepods. Their prey covers a size range from about 0.75 mm to 1 mm (Shiganova,
2001). Mnemiopsis sp. is capable of eating up to ten times its body weight per day and
has been known to consume excess food, which it will regurgitate (NIMPIS, 2002). The
diet of larval ctenophores in the Chesapeake Bay consists primarily of large diatoms,
dinoflagellates, ciliates and invertebrate eggs (Purcell and Decker, 2005).
1.2.4

Reproduction
Mnemiopsis sp. are self-fertilizing hermaphrodites that release eggs and sperm

into the surrounding water where fertilization takes place (Brusca and Brusca, 1994;
NIMPIS, 2002). They have two reproductive stages, one as a cydippid larvae and one as
an adult individual. The larval reproductive stage may begin when the larvae attain a size
of 1.8 mm and continues until the individual reaches a size of 2.8 mm. There are only
about four eggs per gonad in the cydippid larvae, however, these eggs develop normally
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(Martindale, 1987). The adult animals may produce between 10,000 – 14,000 eggs
(Martindale, 1987; Shiganova, 2001). In the Caspian Sea, Shiganova (2001) found eggs
in a small specimen some 12 mm in length and 0.5 g in weight, however, the average egg
production is about 1,000 eggs per day for an animal of about 30 mm in length, 2.0 g in
weight, and about 15 days old which is when adult reproduction begins (Martindale,
1987; Shiganova, 2001). Fecundity seems to be determined by body size, food
availability and environmental conditions requiring temperatures between 23.5-25.5°C
(Shiganova, 2001).
1.2.5

Life History
There is no benthic stage in the life history of ctenophores. The cydippid larvae

are produced by the fusion of eggs and sperm in the water (Purcell, 2005). Water
temperature determines duration of embryogenesis, however, embryonic development is
usually quite rapid, and since they are such fragile organisms, they are selected to
maximize the rate of reproduction (Martindale, 1987). The approximate time from
fertilized egg to larval hatching is about one day, and to adult/reproductive stage is about
two weeks when animals are around 15-16 mm in length (Martindale, 1987; Harbison,
2001; Shinganova, 2001). Ctenophores are triploblastic animals with the gastrula
developing into cydippid larvae that are free-swimming (Hyman, 1940; Ruppert and
Barnes, 1994). The cydippid larvae undergo a gradual transformation, rather than a
metamorphosis, which includes the migration of the tentacles to the oral end (Brusca and
Brusca, 1990). The tentacles also become greatly reduced. The oral end expands and
develops auricular and oral lobes (Hyman, 1940). According to NIMPIS (2002), their life
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cycle can last up to 365 days; however, larger animals most often die following
reproduction (Shiganova, 2001).
1.2.6

Regeneration
Ctenophores are known to have the potential to quickly regenerate portions of

their bodies after injury. Since they are such delicate animals living in a potentially
hostile environment, the ability to repair injuries is an important survival adaptation.
Missing comb rows can be regenerated rapidly which is relevant if the presumed
symbiont (the focus of the present study) can damage comb rows as suggested by Moss et
al. (2001). Alternatively, damaged portions can fuse together without regenerating the
missing tissue (Hyman, 1940). Ctenophores can be damaged by predators’ tentacles, as in
the case of the scyphomedusa predator Chrysaora quinquecirrha. Here, Mnemiopsis sp.
can lose the tissue that comes into contact with the predator’s tentacles (Kreps et al.,
1997). Although these ctenophores heal or regenerate the lost portions quickly, they
probably experience reduced fecundity and feeding clearance rates as well as a short
period of reduced fitness (Purcell and Cowan, 1995).
1.2.7

Luminescence
Mnemiopsis sp. is noted for its ability of luminescence. Photocytes are located in

the meridional canals making it appear as if the light is emitted from the comb rows
(Ruppert and Barnes, 1994; Shiganova, 2001). This property is apparent at night in their
natural environment or when disturbed while in a jar in the laboratory (pers. observ.,
2005).
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1.2.8 Predators
Predators of Mnemiopsis sp. include the pelagic ctenophore Beroe ovata (Purcell
and Arai, 2001; Shiganova, 2001), many fish species (GESAMP, 1999), and the
scyphomedusa Chrysaora quinquecirrha as well as other jelly animals (Kreps et al, 1997;
Purcell, 2005).
1.2.9

Water Parameters
Mnemiopsis is a euryhaline species found in waters ranging in salinity from 2-38

ppt (Kremer, 1994; Shiganova, 2001), although Harbison (2001) claims tolerance up to
75 ppt salt. These organisms are also eurythermic, living in waters from 0°C to 32°C,
however, in water temperatures below 4°C, animals experience difficulties surviving
(Shiganova, 2001; Harbison, 2001). They require little oxygen and can tolerate levels as
low as 1.3 mg l-1 (Purcell et al., 2001), considerably less than normal dissolved oxygen
levels of around 6.0-8.0 mg l-1.
1.2.10 Distribution
Mnemiopsis sp. are primarily planktonic, inhabiting surface waters of coastal
estuaries where they often aggregate in swarms in response to the tides and currents.
These swarms can drastically reduce the populations of small pelagic organisms as they
feed (Purcell et al., 2001). They are primarily neritic and have seldom been collected in
the open ocean (Harbison et al., 1978; Shiganova and Panov, 2003).
Mnemiopsis sp. inhabit temperate to subtropical estuaries along the Atlantic
coasts of North and South America seasonally ranging from Cape Cod, USA to Peninsula
Valdez, Argentina (Harbison, 2001). They are most often found in coastal areas in the
surface layers (Shinganova, 2001), however, they have been observed to be close to the
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bottom muddy layer near Rookery Bay in southern Florida (pers. observ., September
2005). Costello and Mianzan (2003) also observed numerous Mnemipsis leidyi within 0.5
m of the bottom in 5 m deep water in the Nuevo Gulf off Argentina. They have been
accidentally introduced to the Black Sea, Eastern Mediterranean and Caspian Sea since
the early 1980s (Shinganova, 2001). At least some of these introductions have been due
to the release of untreated ballast water (Shiganova et al., 2001; Rogerson, pers. comm.,
2006).
1.2.11 Migrations
Mnemiopsis sp. tend to migrate with the ocean currents although they do have the
ability to swim vertically in the water column. Consequently, they are more abundant at
the surface above the thermocline during the evening and night hours, probably for
feeding purposes. They tend to be sensitive to changes in light levels and disturbed water
(Miller, 1974; Shiganova, 2001).
1.2.12 Ecological Impacts
The reproductive capability of Mnemiopsis allows it to potentially become the
dominant organism in an embayment overnight (Purcell and Decker, 2005). They are preadapted to rapid colonization and in the absence of predators, can reach very high
abundance (Shiganova, 2001). High numbers of ctenophores typically lead to a decreased
plankton and/or copepod abundance. Shiganova (2001) found that when ctenophore
populations were high in the Black Sea, zooplankton populations were very low.
Conversely, when populations of Mnemiopsis sp. were low, zooplankton populations
flourished. Purcell and Decker (2005) showed a similar relationship between copepod
abundances and ctenophores in the Chesapeake Bay. The ecological impact of
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ctenophores is related to their impressive feeding capabilities. Purcell and Decker (2005)
showed that clearance rates of ctenophores were much greater than clearance rates for
other planktonic predators.
According to Hyman (1940), ctenophores can also devour enormous numbers of
molluskan larvae in a short period of time. Thus, a bloom of Mnemiopsis sp. can rapidly
reduce the availability of prey for fish, especially larval fish (Shiganova, 2001; NIMPIS,
2002). Mnemiopsis sp. has also been found to feed on fish eggs and larval stages of fish.
Not surprisingly, the ensuing decline of the fish population has a detrimental impact on
the dollar value of the commercial fisheries. To cite a well documented example, the
accidental introduction of ctenophores to the Black Sea has cost an estimated loss of
US$250 million (NIMPIS, 2002).
The planktonic larvae of invertebrates may also be impacted by ctenophore
grazing leading to an altered composition of benthic communities. It has been suggested
that such grazing can have negative effects on the shellfish industry (NIMPIS, 2002).
Mnemiopsis sp. has been noted in recent years to have an increasing geographic
range. It is now found in remote areas such as in the Black Sea and the Sea of Azov. In
many of these new ranges, there are no natural predators and the ctenophore population
dominates the plankton (Purcell et al., 2001; Shiganova and Panov, 2003).
As is the case for most organisms, the precise ecological role of Mnemiopis is
poorly understood. Hence, the ecological impacts of changing ctenophore abundances
and distributions are unknown. Mnemiopsis sp. are prey to many organisms in their
native distributional ranges and are important members of the food web. Moreover, as
indicated above, when these Mnemiopsis sp. become locally abundant, they can severely
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deplete the water column of planktonic organisms and out-compete commercially
important species. It follows that it is important to understand the biology and ecology of
these complex animals and clarify the nature of the presumed symbiotic association with
the surface amoeba that has recently been noted by Moss et al. (2001; Moss, pers. comm.,
2005).
1.3

Gymnamoebae
The gymnamoebae (naked, lobose amoebae sensu Page, 1983) are eukaryotic

protists that use pseudopodia (cytoplasmic projections of the cell) for locomotion and
consumption. Pseudopodia can be fine and pointed (filose) or broad (lobose). The
gymnamoebae are united by having lobose pseudopodia. They also have no defined wall
or test around the cell and for this reason are often referred to as the naked amoebae
(Purves et al., 1998; Rogerson and Patterson, 2000). This distinguishes them from the
testate amoebae that have a shell with a defined aperture through which pseudopodia
emerge for locomotion and feeding. According to Rogerson and Patterson (2000), the
gymnamoebae are further delineated by five additional features: eruptive locomotion is
not common, the cells do not have a flagellate stage, the mitochondria have branched
tubular cristae, the cytoplasm usually has dictyosomes, and the cell surface of most
gynmamoebae have a thin covering called a glycocalyx. This covering is only observed at
the ultrastructural level and does not constitute a wall or test.
1.3.1 Classification
The classification of naked amoebae is in flux (Patterson, 2000b; Rogerson and
Patterson, 2000) but according to some schemes there are three described orders of
gymnamoebae. These are divided into eleven families and comprise at least 56 genera.
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Their taxonomy and classification is based mainly upon morphological features. For
example, gymnamoebae can be classified on the nature of the locomotive and floating
form, their size, the possession of cytoplasmic inclusions, their nuclear structure, any
unusual stages in life cycle, and other physiological and ultrastructural features (Page,
1983; Rogerson and Patterson, 2000). Increasingly, molecular sequence data is being
used to revise the phylogeny of amoebae and other protists. Using conventional
diagnostic features, Page (1983) claims that the marine gymnamoebae are found in at
least 22 genera.
1.3.2

Identification
The characteristics used for identification are similar to those used for the

compilation of taxonomic schemes. Using both light microscopy and electron
microscopy, it is possible to identify most isolates to the level of genus and in some cases
species (Page, 1983). The main diagnostic features are detailed below (1.3.2.1 – 1.3.2.6).
1.3.2.1 Locomotive and Floating Form
During normal movement the shape of the locomoting form is a powerful factor
in identification. Amoebae can be cylindrical in shape (limax) or flattened (short and
broad, as in fan shaped or more elongate as in linguiform). Locomoting amoebae can
have a single pseudopodium (monopodial) or can have several pseudopodia extending
beyond the cell body (polypodial). If these pseudopodia emerge from a monopodial form,
they are usually termed sub-pseudopodia as is commonly found in the genus Mayorella.
The anterior of gymnamoebae, whether monopodial or polypodial, can have a clear zone
termed the hyaline zone or cap. In some genera, this is reduced while in others it is
clearly evident accounting for up to half the length of the cell. The zone appears ‘clear’
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because it is free of the cytoplasmic granules common in the body of the cytoplasm. At
the posterior of the cell, some gymnamoebae have a well defined bulbous region termed
the uroid. The uroid has many forms depending on whether it is smooth or punctuated by
short papillae. Some species have trailing filaments extending from the uroid. All these
features are diagnostically important and evident at the light microscope level (Page,
1983; Patterson, 2000a; Rogerson and Patterson, 2000; Smirnov and Brown, 2003).
How amoebae move is also an important feature when making identifications.
Cells can either move steadily, either fast or slow, or their movement can involve sudden
eruptive extrusions of pseudopodia (eruptive motion). Locomotion can also be
unidirectional in the case of cells with a single pseudopodium or cells can simultaneously
project pseudopodia in different directions.
The floating form of an amoeba is useful for distinguishing between some genera.
For example, the two common fan-shaped genera Vannella and Platyamoeba are similar
under the light microscope when moving on a surface. However, when suspended,
Vannella usually display long, thin pseudopodia while Platyamoeba has shorter, blunt
pseudopodia. In other words, the floating form of cells suspended in liquid can be helpful
in identification when an investigator is making determinations solely by light
microscopy. If pseudopodia are present in the floating form, they can be described as
long, thin, short or blunt (Page, 1983; Patterson, 2000a; Rogerson and Patterson, 2000;
Smirnov and Brown, 2003).
1.3.2.2 Size
The length and breadths of gymnamoebae can vary and this feature has often been
used to distinguish between species of the same genus. Thus, these measurements are
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routinely made on cells moving during steady locomotion. Some authors (eg. Page, 1983)
frequently quote the length:breadth ratio of different gymnamoebae. Other
measurements, such as the length of individual pseudopodia, can on occasion help in
identification (Page, 1983; Rogerson and Patterson, 2000).
1.3.2.3 Cytoplasmic Inclusions
The appearance of the cytoplasmic mass of a cell observed by light microscopy is
often used to distinguish some genera or even species. The cytoplasm of some cells is
uniformly granular while others have noticeable inclusions frequently called crystals.
Others may have larger bodies termed ‘inclusion bodies’. The nature of these is
frequently unknown (lipid droplets, or even endosymbiotic bacteria) but if they are
persistant features they can be used in identification. In freshwater amoebae, the
arrangement and behavior of contractile vacuoles has been used as a diagnostic feature
(Page, 1983; Rogerson and Patterson, 2000).
1.3.2.4 Nuclear Structure
Most gymnamoebae are uninucleate, however a few are binucleate or even
multinucleate. This is an important feature used in identification. Most nuclei are
spherical with a prominent central nucleolus but some species have unique arrangements
of their nucleolus. Occasionally, the nucleolus can be scattered or parietal (on the edge of
the nucleus). A few gymnamoebae have distinctively shaped nuclei such as Platyamoeba
pagei with its unique elongate nucleus. Finally, the size of the nucleus is usually given in
taxonomic keys (Page, 1983; Rogerson and Patterson, 2000).
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1.3.2.5 Life Cycle
If a flagellate stage of the amoeba is present, it is diagnostic of the class
Heterolobosea (sensu Page, 1983; 1988). These amoebae have eruptive locomotion and
mitochondria with discoid cristae. These are not gymnamoebae (naked amoebae with
lobose pseudopodia and mitochondria with tubular cristae). In fact, molecular biology has
shown flagellates to be the primitive protistan form such that amoebae with flagellate
stages are frequently classified as flagellated protists. Some belong to the genus
Vahlkampfia giving rise to the incorrect term ‘vahlkampfiid amoebae’ for all eruptive
amoebae.
Some amoebae form resistant cysts which can be an identifying characteristic for
freshwater/soil amoebae, particularly if the cyst morphology is distinctive as in the case
of Acanthamoeba. Fewer marine amoebae form cysts, probably because they are in a
more stable environment not prone to extreme conditions (such as desiccation). However,
some marine amoebae do encyst and others might if the correct culture conditions could
be found (Page, 1983; Patterson, 2000a).
1.3.2.6 Physiological and Ultrastructural Features
The value of physiological characteristics in identification such as euryhalinity,
and growth rate, has yet to be quantified in its own right. It is useful information that is
included in many papers describing new species. Ultrastructural features, however, have
proven to be of great importance in identification, particularly in the case of
morphologically similar genera. To examine these features, transmission electron
microscopy (TEM) is required. There are two key ultrastructural features of importance:
the form of mitochondrial cristae and the presence and structure of the cell coat termed
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the glycocalyx (Page, 1983; Patterson, 2000a; Rogerson and Patterson, 2000; Smirnov
and Brown, 2003).
1.3.3

Feeding
Gymnamoebae are typically bacterivores and herbivores that are often found

associated with surfaces in the marine environment, where microalgae, bacteria and
detritus accumulate. These surfaces may include marine snow (ie. aggregated suspended
flocs or particulates), the air-sea interface (ie. the neuston), mangrove detritus, man-made
structures (ie. boats, bridges), and living plants and animals. Some gymnamoebae are
known to have bacterial endosymbionts and it has been suggested that some may be
cannibalistic. Most of what is known about gymnamoebae nutrition comes from
microscopic observations (Lee and Capriulo, 1990).
Most protozoa, including gymnamoebae, use the process of pinocytotic (dissolved
material) or phagocytotic (particulate material) endocytosis to feed. Here, food material is
enclosed in a digestive vacuole formed by the plasma membrane of the organisms. The
vacuole or vesicle (a matter of scale) is then brought into the cell body where digestion
begins (Capriulo, 1990; Purves et al., 1998).
1.3.4

Reproduction
Marine gymnamoebae reproduce asexually by binary fission (Lee and Capriulo,

1990). Here, the genetic material is duplicated and the cell divides into two identical
daughter cells (Karleskint et al., 2006). Sexual reproduction has never been reported in
marine amoebae although one description of sexual reproduction has been published for
the freshwater genus Sappinia (see Page, 1988).
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1.3.5

Ecological Role
Little is known about the ecological role of gymnamoebae in marine waters.

Rogerson and Laybourn-Parry (1992) showed that they are abundant in the plankton of
temperate coastal regions. This suggests that gymnamoebae must have a significant albeit
undefined role in the plankton. It has also been suggested that naked amoebae are
important surface associated grazers (Capriulo, 1990; Rogerson and Laybourn-Parry,
1992). Some release extracellular enzymes to allow digestion of macroalgal carbon and
therefore, play a unique and potentially important role in nutrient cycling (Rogerson et
al., 1998b).
1.4

Symbiotic Associations
Many organisms have developed relationships with other organisms where one or

both organisms benefit from the association. In 1879, de Bary coined the term symbiosis
which he defined in the phrase ‘…des Zusammenlebens ungleichnamiger
Organismen….’. In its most literal sense this means the “living together” of two
organisms of different species. If there is any environmental change affecting one
organism, the change will likely affect the other organism (Purves et al., 1998; Corliss,
2004; Karleskint et al., 2006).
The type of symbiotic relationship is determined by the nature of the association
between the two organisms, as mutualism, commensalism, parasitism or sometimes
pathogenesis. In mutualism, both organisms benefit, as in the relationship between
autotrophic zooxanthellae (dinoflagellates) and their coral host. The zooxanthellae are
provided with a habitat and in turn the coral is provided with nutrients (Karleskint et al.,
2006). The relationship between a barnacle and a whale is described as commensalism,
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where the barnacles benefit by having a place to live where they can continuously filter
feed, while the whale is neither harmed nor benefited. A parasitic relationship, on the
other hand, is where one organism benefits while harming its host, such as the
relationship between a tapeworm and its host (Castro and Huber, 2003). It can sometimes
be difficult, or impossible, to define what is meant by ‘benefit’ and some associations are
both parasitic and mutualistic under different environmental circumstances (Smith and
Douglas, 1988). For this reason, many biologists are more comfortable with the all
encompassing definition originally proposed by de Bary (1879).
Symbiosis can be obligate for an organism if it is essential to survival and
reproduction. On the other hand, a facultative association is one that benefits but is not
essential for survival. Although obligacy is a useful concept, it is difficult to prove that a
symbiosis is essential for a given organism. Failure to grow in the laboratory in isolation
(as will be attempted for the surface associated amoeba in the present study) may be due
to inadequate techniques or methods. Sometimes all that can be concluded is that the
organism is either culturable or unculturable (Smith and Douglas, 1988).
Many associations are with photosynthetic organisms. The presence of
photosynthetic symbionts in cells is widespread and these symbionts are often classified
as ‘cyanella’ (cyanobacteria), ‘zoochlorella’ (green symbionts), and ‘zooxanthella’
(yellow symbionts) (Karleskint et al., 2006). Algae often form partnerships with marine
hosts (e.g. mollusks and flatworms), although the most celebrated association is between
coral polyps (coelenterates) and the dinoflagellate Symbiodinium microadriaticum
(Castro and Huber, 2003).
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Less is known about non-photosynthetic symbionts, particularly involving
protozoa, although some suctorians are endoparasites of ciliates (Jankowski, 1963), and
some flagellates are ectoparasites on ciliates (Foissner and Foissner, 1984). Associations
involving amoebae are varied and poorly characterized. Rogerson et al. (1989)
demonstrated a laboratory-induced association between a large marine amoeba,
Trichosphaerium, and the photosynthetic dinoflagellate, Symbiodinium. In this controlled
laboratory association, it was demonstrated that about 9.8% of algal photosynthate was
channeled to the host amoeba. Flabellula calkinsi, an amoeba somewhat similar to the
unidentified genus observed on the surface of ctenophores (Moss et al., 2001), has been
found in association with marine organisms (Page, 1983). The original description by
Hogue in 1914 described this species as euryhaline after finding them in the digestive
tract of oysters. No evidence of pathogenicity was found. On the other hand, a recently
described species, Paramoeba invadens, is highly virulent and infects sea urchins off
Nova Scotia, Canada. This amoeba can be grown with ease in the laboratory on
malt/yeast extract in non-nutrient agar with marine bacteria as a food. Once introduced to
sea urchins they infect and cause muscle necrosis, general infiltration of coelomocytes,
reddish-brown discoloration, and high mortalities. From 1980 to 1983 sea urchin
mortalities were estimated at 245,000 tons (Jellett and Scheibling, 1988). Other amoebae
that reportedly form symbiotic associations with marine invertebrates are shown in Table
1. Many of these accounts are incomplete and some of the species names are in question.
The distinction between mutualistic and parasitic associations is equally grey.
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1.4.1

Surface Associated Protists of Mnemiopsis
Moss et al. (2001) reported surface associated protists on Mnemiopsis sp. They

observed the ciliate Trichodina ctenophorii and a Flabellula-like gymnamoeba attached
to the comb plates. They noted that the ciliate and the amoebae were found on the
subsagittal, subtentacular, and the auricular comb plates. The amoebae had a maximum
width of about 15 µm and were crescent shaped. They maintained that both protists were
parasites although the exact nature of the association remained to be determined (Figure
2).
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Table 1: Amoebae reported to form symbiotic associations with marine organisms.
Amoebae

Marine organism

Reference

Amoeba biddulphiae
Zuelzer 1927

Biddulphia sinensis

Zuelzer 1927

Hartmannella tahitiensis
Cheng 1970

Crassostrea commercialis

Cheng 1970

Janickina chaetognathi
(Grassi 1881)

Spadella spp.

Janicki 1912; Chatton 1953

Janickina pigmentifera
(Grassi 1881)

Spadella spp.
Sagitta spp.

Janicki 1912, 1928, 1932; Chatton, 1953;
Hollande 1980

Paramoeba perniciosa
Sprague, Beckett
and Sawyer 1969

Callinectes sapidus,
Cancer irroratus
Homarus americanus

Sprague and Beckett 1966, 1968; Sawyer
1969, 1976; Sprague et al. 1969;
Perkins and Castagna 1971; Newman
and Ward 1973; Johnson 1977

Pseudovahlkampfia emersoni
Sawyer 1980

Callinectes sapidus,
Ovalipes ocellatus

Sawyer 1980

Vahlkampfia discorbini
Le Calvez 1939

Discorbis mediterranensis

Le Calvez 1939

Vahlkampfia mucicola
Chatton 1909

Symphodus spp.

Chatton 1909, 1910

22

Flabellula-like
gymnamoebae

Figure 2: Scanning electron micrograph showing the ciliate, Trichodina ctenophorii,
and numerous Flabellula-like gymnamoebae attached to comb plates. The
unlabeled arrows indicate dimples in the comb plate produced by T.
ctenophorii. Scale: 50 µm. Image from Moss et al., 2001 (page 297).
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1.5

Aims of the Project:

1) to document the frequency of occurrence of gymnamoebae on ctenophores around
Florida. In addition, the study considered whether ctenophores were ‘robust’ or ‘fragile’
(to determine if there was a difference in surface associated amoebae between the two
types i.e. possibly different species) and estimated the number of Flabellula-like comb
plate amoebae per comb plate. The presence of the ciliate Trichodina ctenophorii and any
damage to comb plates was also noted.
2) to isolate surface associated amoebae using a variety of media formulations, and
identifiy these morphotypes.
3) to isolate the presumed symbiont from Mnemiopsis sp. and provide material to
facilitate the identification of this amoeba (i.e. the Flabellula-like comb-plate amoeba).
As a first step in naming the symbiotic amoebae, this study will provide light
microscopical observations and physiological tolerances of the amoeba.
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2.0

MATERIALS AND METHODS

2.1

Mangrove Leaf Amoebae: Rationale
To develop methods for the isolation and identification of naked, marine

amoebae, preliminary experiments focused on isolating amoebae from the surface of
mangrove leaves. While it was not anticipated that the specific ‘ctenophore-amoebae’
would be encountered in these samples, previous work (Rogerson and Gwaltney, 2000)
has shown that mangroves are rich in amoebae. All surfaces in the mangrove water (flocs,
leaves, and submerged roots) contain high numbers of naked amoebae (Rogerson and
Gwaltney, 2000; Maybruck and Rogerson, 2004).
2.1.1 Collection of Leaves
Three submerged mangrove leaves from the Red Mangrove tree, Rhizophora
mangle, were collected on three different occasions at John U. Lloyd State Park in Dania
Beach, Florida. Sterile gloves were used to collect three non-attached submerged leaves,
which were transported in sterile whirl-pack bags to the laboratory for processing. Leaves
were collected that showed different degrees of degradation (corresponding to recently
submerged, partially decomposed, and those in an advanced state of degradation; Figure
3). The dates of collection were: February 4, 2005; February 16, 2005; March 1, 2005.
2.1.2

Culture of Amoebae
Each leaf was dissected using a sterile razor blade into five 1 cm x 1 cm squares.

Each square was rinsed in five changes of sterile filtered sea water to remove any loosely
attached amoebae or detritus before inoculation into one of five media types contained in
small culture dishes (6 cm diameter Petri dishes). One leaf square was inoculated into
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Figure 3: Petri dishes with 1 cm x 1 cm portion of Red Mangrove Tree (Rhizophora
mangle) leaves showing different degrees of degradation (from left: recently
submerged, partially decomposed and those in an advanced state of
degradation).

Agar drops

Figure 4: Petri dish containing two drops of MY100S agar.
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each media in triplicate. Dishes were sealed with parafilm to prevent evaporation,
incubated at room temperature (ca. 23°C), and observed for amoebae once a week for
four weeks. An inverted microscope with phase contrast optics (x 400) was used for all
observations of cultured amoebae.
2.1.3

Media Formulations
Five media types were selected from the listings in Fred Page’s identification key

for marine gymnamoebae (Page, 1983). The five selected have commonly been used to
grow a range of naked amoebae from coastal waters. Thus, they maximized the recovery
of different amoebae morphotypes, or morphospecies. The media used are listed below
and full recipes are given in Appendix 1:
1. Sterile filtered seawater with a sterile rice grain (SW/r)
2. Cereal leaf infusion in 100% seawater (C100S liquid)
3. Malt/yeast supplements in 100% seawater solidified with non-nutrient agar
(MY100S agar)
4. Sterile filtered seawater with two drops of MY100S agar in the culture dish
(SW/MY) (Figure 4)
5. Føyn’s Erdschreiber soil extract medium made up in seawater (FErds)

All these media have organic enrichment intended to promote the growth of
indigenous bacteria attached to the leaf surfaces. In this way, prey were available to
stimulate the growth of bacteriovorous amoebae. Different formulations also provided
various trace organic and inorganic components which influenced the growth of different
amoebae in unknown ways.
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2.1.4 Identification of Amoebae Isolates
Cultured amoebae were maintained in the laboratory by sub-culturing into fresh
media once every two weeks. Different cultures of amoebae were photographed and
examined by light microscopy to determine their mode of locomotion (steady or
eruptive), size, shape, and the possession of any unique features such as cytoplasmic
crystals or inclusions. The presence of a distinct or narrow hyaline zone at the anterior
end of the cell is also diagnostically important in moving cells. Likewise, the posterior
may feature a uroid with a variety of features such as papillae or trailing filaments (Page,
1983). In this way, by using features discernable at the light microscope level, it was
possible to identify the amoebae into different morphotypes or morphospecies (i.e.
presumed species). In a few cases, it was possible to identify an isolate to genus using
these features. Further identification to the level of species was not made since this
requires electron microscopy (to discern ultrastructural features) and molecular methods.
2.2

Ctenophore Amoebae

2.2.1

Source of Florida Ctenophores
Over the course of this study, a total of 140 ctenophores were processed for

surface amoebae. Seventeen specimens of Mnemiopsis sp. were purchased from the Gulf
Specimen Supply Company located in Panacea, Florida. These ctenophores were
collected with a dip net in Dickerson Bay near Panacea, Florida. They were shipped
overnight in sterile plastic bags containing seawater from the collection site. Throughout
2005/06, sixty-nine ctenophores were collected from locations around Florida (see Figure
14) while snorkeling or diving using sterile Zip-lock bags. Thirty-three ctenophores were
collected from a small boat with a clean soup ladle, and twenty animals were collected by
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other means (such as shoreline collecting). Here, a home-built ctenophore collection
device constructed with PVC pipe, 2 screws and a plastic 500 ml beaker was used (Figure
5).
In addition to the Florida study, approximately 45 Mnemiopsis sp. were collected
from the Chesapeake Bay between October 5 and October 10, 2005. This study was
prompted by an opportunity to take part in a cruise and learn first hand about ctenophores
from Dr. Anthony Moss (Auburn University, Alabama). It was also an opportunity to
compare amoebae on ctenophores from a different geographic area. All ctenophores from
the Chesapeake Bay were collected by 5 minute plankton tows (20” diameter, 233 µm
mesh, 1:3 ratio) and were examined by light microscopy on board the ship immediately
after collection.
Ctenophores collected from around Florida were transported to the laboratory in
sterile Zip-lock bags or in clean plastic Rubbermaid containers containing seawater from
the collection site. A cooler was used when necessary to store the collected ctenophores
to avoid extreme changes in temperature which could be detrimental to the animals
(Figure 6). Upon arrival at the laboratory, the ctenophores were examined and only intact,
healthy ctenophores were used in the study.
2.2.2

Culture of Amoebae from Ctenophores

2.2.2.1 Ctenophores Collected Between January 1, 2005 and September 22, 2005
Ctenophores were rinsed in five changes of sterile filtered seawater to remove any
loosely attached protists. Robustness of the ctenophore was noted; the tissues of some
specimens were more solid than others while at the other extreme some specimens were
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Figure 5: A home-built ctenophore collection device constructed with PVC pipe, 2
screws and a plastic 500 mL beaker. On right, held by Connie Versteeg at
Nova Southeastern University Oceanographic Center.

Figure 6: Rubbermaid containers and cooler used to transport ctenophores from
collection sites to the laboratory.
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fragile. The auricular comb rows of the ctenophores were removed using a sterile forceps
and then examined by interference contrast microscopy (400x magnification) or phase
contrast microscope (400 x magnification) for the presence of Flabellula-like
gymnamoebae (Figures 7 and 8). In both cases, an inverted microscope (Olympus) was
used. If amoebae were present, they were determined to be heavily infested, moderately
infested, or lightly infested. Infested comb rows were inoculated into one of five media in
a small culture dish. Each dish was examined by light microscopy once a week for four
weeks for the presence of amoebae. An inverted microscope with phase contrast optics (x
400) was used for all culture observation. Prior to inoculation, it was determined whether
the ciliate Trichodina ctenophorii was present on the ctenophore surface and whether
there was obvious damage to the comb plates.
2.2.2.2 Ctenophores Collected After September 23, 2005
Washing procedures, observation methods, and amoebal isolation methods are
described in section 2.2.2.1. A broader range of media were used for the isolation of
surface associated amoebae in these later collections. Details are given in section 2.2.4.2.
2.2.3

Maintenance of Amoebal Cultures
After amoebae were isolated from ctenophores (usually within four weeks

following inoculation), stock cultures were maintained in the laboratory by sub-culturing
every two weeks. To subculture amoebae, cells were dislodged from the base of the Petri
dish (6 cm diameter) and half the volume of medium with suspended cells was
transferred to a fresh Petri dish. Both dishes (old and new) were topped off with fresh
medium. Amoebal strains were kept until descriptions and identifications were made.
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Flabellula-like gymnamoebae

Trichodina ctenophorii

Figure 7: Light micrograph of comb plate showing Flabellula-like gymnamoebae and
the ciliate Trichodina ctenophorii. Amoebae typically 10-15µm in width.

Trichodina ctenophorii

Flabellula-like gymnamoebae

Figure 8: Light micrograph showing heavily infested comb plate with the Flabellula-like
gymnamoebae and the ciliates Trichodina ctenophorii. Amoebae typically 1015 µm in width.
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Any inoculated dishes that did not contain amoebae after 4 weeks of incubation were
discarded.
2.2.4

Media Formulations

2.2.4.1 Ctenophores Collected Between January 1, 2005 and September 22, 2005
Media were selected based on formulations given by Page (1983). A variety of
types were used to maximize the chance of recovering amoebae from the surface of
ctenophores. These media were the same as used for isolating amoebae from the surfaces
of mangrove leaves (section 2.1.3). Full recipes are given in Appendix 1:
1. Sterile filtered seawater with a sterile rice grain (SW/r)
2. Cereal leaf infusion in 100% seawater (C100S liquid)
3. Malt/yeast supplements in 100% seawater solidified with non-nutrient agar
(MY100S agar)
4. Sterile filtered seawater enriched with two drops of MY100S agar in the culture
dish (SW/MY)
5. Føyn’s Erdschreiber soil extract medium made up in seawater (FErds)
2.2.4.2 Ctenophores Collected After September 23, 2005
By September 2005, it was evident that the amoeba most resembling the type
observed on the surface of living ctenophores was a flabellulid amoeba (see morphotype
1 ( c ), section 3.2.1) similar to that described by Moss et al. (2001). The range of media
tested was increased and included some modified formulations to attempt to enhance the
growth of this flabellulid amoeba. It was observed that ctenophore tissue with amoebae
on the surface did not always produce amoebae in culture. In subsequent trials, the
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following media were used (for full recipes, see Appendix 1). Some notes are given to
provide the rationale for selecting these particular media:
Media formulations 1 – 5 were used previously and are well tested for sustaining the
growth of marine gymnamoebae. C100S in both liquid and agar form is organically rich
and promoted luxuriant bacterial growth. It was reasoned that similar organically rich
conditions might exist on the ctenophore surface, particularly if the amoebae were
causing physical damage to the comb plates (Moss et al., 2001). Likewise, the soil extract
medium (no. 3) and the media with malt/yeast enrichment were retained because they
were effective in maintaining the flabellulid amoebae in the laboratory.
1. Cereal leaf infusion in 100% seawater (C100S liquid).
2. Sterile filtered seawater enriched with two drops of MY100S agar in the culture
dish (SW/MY).
3. Føyn’s Erdschreiber soil extract medium made up in seawater (FErds)
4. Cereal leaf infusion in 100% seawater solidified with non-nutrient agar
(C100S)
5. Malt/yeast supplements in 100% seawater (MY100S liquid)

Media formulations 6 – 8 were all experimental and provided undefined nutrients from
animal sources. These were either from homogenized ctenophore tissue or from bovine
calf serum. One medium for pathogenic protozoa was modified by the addition of
seawater (rather than distilled water). It was reasoned that the provision of non-specific
animal extract might be important in culturing this presumed symbiotic, and potentially
parasitic/pathogenic, amoeba.
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6. Malt/yeast supplements in 100% seawater solidified with non-nutrient agar
enriched with vortexed Mnemiopsis sp. tissue (MY/MN)
7. Sterile filtered seawater enriched with bovine calf serum (BCS)
8. Balamuth’s Egg Yolk Infusion (BEYI) made up in seawater
2.2.5

Identification of Amoebae Isolates
Gymnamoebae successfully isolated and cultured from the surface of ctenophore

tissue were identified to morphotype on the basis of diagnostic features evident at the
light microscope level (see Introduction). As noted earlier, features used included cell
measurements, nuclear number and size, nuclear structures, cytoplasmic inclusions,
floating form, shape of the locomoting cell, form of the hyaline anterior cap, and form of
the posterior uroid (Page, 1983). Only one amoeba was unusual and morphologically
similar to the presumed symbiont observed on the surface of the ctenophores by Dr.
Anthony Moss, the lead PI on the NSF award sponsoring this study.
This flabellulid gymnamoeba was cloned into pure culture by inoculating small
volumes of culture (5 µl) into the wells of a tissue culture plate. This dilution approach
was repeated until a well yielded a population of amoebae, presumably derived from a
single cell contained in the 5 µl drop. The media promoting the best growth of this
amoeba was MY100S liquid. Stock cultures were maintained thereafter in MY100S
liquid medium with weekly transfer into fresh media. This amoeba grew rapidly but was
prone to sudden population collapses if cultures were not sub-cultured regularly.
2.2.6

Fixation Attempts
Since this flabellulid gymnamoeba appeared to be new to science, additional

information on its diagnostic characters were sought at the ultrastructural level. The fine
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structure of amoebae has traditionally been used to describe new species. Of note is the
form of the mitochondrial cristae (tubular or discoid) and form of the cell surface
structure. Many amoebae have a covering known as the glycocalyx. This can be thin or
even non-discernible, or thick and dense as in the case of the cuticle of Thecamoeba. In
other genera the glycocalyx is distinctive such as the bundles of filaments seen in
Platyamoeba or the more complex arrangements of glycostyles and microscales seen in
Vannella and Dactylamoeba (Page, 1983).
Three attempts were made to prepare amoebae for Transmission Electron
Microscopy (TEM). Methods used (see Appendix 2) have been tried and tested for many
marine amoebae, and embedded material was sent to Dr. O. R. Anderson for sectioning
and visualization in the TEM.
None of the attempts yielded useful information and this part of the project was
not taken further since it was outside of the original goals of the study. The lack of
success is, however, interesting and suggests that the surface coat of this amoeba may be
unusual since penetration of fixatives into the cell was slow, resulting in poor fine
structure preservation. This notion of a unique covering is consistent with the very well
defined hyaline edge observed by light microscopy.
2.2.7

Molecular Analysis
A partner on the overall grant funding this work (Dr. R. J. Gast, Woods Hole

Oceanographic Institute [WHOI], Mass.) was interested in partially sequencing the rRNA
gene of this new isolate. DNA was extracted on two occasions and material was sent to
WHOI. There, attempts to amplify and sequence the DNA were unsuccessful. Methods
are included in Appendix 3. As was the case for the TEM, further molecular work was
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not carried out since this was beyond the scope of this thesis research. It should be noted
that attempts are continuing (Rogerson, pers. comm.) since ultrastructural and molecular
information will be needed to ultimately name this isolate and thus far, primers used for
other free-living amoebae have failed for this isolate.
2.2.8 Salinity Trials
Physiological characteristics of amoebae can aid in identification but are also
useful in helping to add information about the ecological role or behavior of an isolate in
nature. In the case of the flabellulid amoeba recovered from the ctenophore surface, its
tolerance to different salinity regimes was relevant since ctenophores are euryhaline. It
follows that any associated surface protists would also have to be euryhaline. The salinity
tolerance range of the amoeba might also give clues to its origin. Since it can be grown in
culture it is not an obligate association. A similar unidentified amoeba was found in low
salinity mangrove water by Rogerson and Gwaltney (2000) suggesting that ctenophores
may become infected in estuarine or shoreline waters. To garnish additional information
on this presumed symbiont, salinity trials were undertaken.
Seven healthy, exponentially-growing, cultures of this amoeba grown in MY100S
liquid (35ppt) were sub-cultured into MY100S liquid of varying salinities: 0 ppt, 5 ppt,
10 ppt, 15 ppt, 20 ppt, 25 ppt, 30 ppt, 35 ppt, 40 ppt, 45 ppt, and 50 ppt. This gave seven
replicates for each salinity. Salinities less than that of seawater (ca. 32 ppt) were prepared
by diluting with amoeba saline (for recipe, see Appendix 1). This media has trace
amounts of salts giving it a salinity of less than 1 ppm. The ‘0 ppt’ solution was amoeba
saline. For salinity concentrations greater than 32 ppt, media was adjusted by adding
appropriate amounts of synthetic sea salt (Instant Ocean). Cultures were incubated at
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room temperature and observed for growth every 24 hours for the first seven days. They
were also observed on day 14, and day 21. While most of the growth was expected over
the first seven days, observations were extended up to day 21 to allow for any cells that
survived the treatment but grew slowly since long term maintenance of cultures was a
goal of this project. On each day of observation, the numbers of amoebae were counted in
five randomly selected fields of view using an inverted microscope with phase contrast
optics (x 400).
2.2.9 Calculation of Generation Times
Counts of cells per field of view were converted into numbers of cells per Petri
dish (log10) and growth curves were drawn. Regression analyses were performed to
calculate the slope of the exponential growth phase. The growth rate constant (k) was
calculated using the formula given by Stanier et al. (1976):
Log10 Nt – Log10 N0
k=

0.301t

where Nt is the final number of cells, N0 is the initial number of cells, and t is the time in
hours. The generation time in hours was calculated as 1/k.
2.3

Amoebae on the Surface of Coastal Fish

2.3.1

Collection
In the course of the ctenophore research, 11 morphospecies of amoebae were

isolated indicating that surface associated amoebae are relatively common on this marine
invertebrate. Only one of these species was the presumed symbiont; the others were
probably transient species although the degree of transience is unknown. To provide a
first comparison of the amoeba data from ctenophores with amoebae on a different living
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surface, the surface of small fish were examined for the presence of amoebae. Fish were
chosen for convenience although their mucous covering and their habitat (coastal marine)
did provide at least superficial similarity to the surface of a ctenophore. All fish were
obtained from “Ray’s Live Bait.” The bait fish were all collected in the vicinity of Port
Everglades, Florida. Five pilchard fish (Sardinella aurita) were collected on July 25,
2005; three Atlantic mackerel (Scomber scomrus) (Figure 9a) were acquired on January
20, 2006; and four big eye scad (Selar crumenophthalmus) (Figure 9b) were obtained on
May 3, 2006.
2.3.2

Culture of Amoebae From Fish
Fish were rinsed in five changes of sterile filtered seawater to remove any loosely

associated protists. Two scales were removed using sterile forceps from three locations
on each fish: behind the dorsal fin, behind the gill, and along the lateral line. Scales were
observed by light microscopy and then inoculated into one of three media formulations in
a small culture dish (6 cm diameter Petri dish). Each dish was examined by light
microscopy once a week for four weeks for the presence of amoebae.
2.3.3

Media Formulations
Media were selected based on those most appropriate for maximum recovery

from previous mangrove leaf and ctenophore amoebae culture attempts. The media used
were (for full recipes, see Appendix 1):
1. Cereal leaf infusion in 100% seawater (C100S liquid)
2. Malt/yeast supplements to 100% seawater solidified with non-nutrient agar
(MY100S agar)

39

a)

b)
Figure 9: Fish obtained from “Ray’s Live Bait” a) Atlantic Mackerel (Scomber scomrus)
b) Big Eye Scad (Selar crumenophthalmus ). Photo of pilchard fish (Sardinella
aurita ) unavailable.
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3. Sterile filtered seawater with two drops of MY100S agar in the culture dish
(SW/MY)
2.3.4 Identification of Amoebae Isolates
Gymnamoebae isolated from fish tissue were identified using features discernible
at the light microscope level. This allowed them to be identified to morphotype (genus in
some cases). Methods are described in sections 2.1.4 and 2.2.5. No further identification
was made for any of the morphotypes isolated since all were similar to described species
in the literature.
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3.0

Results

3.1

Mangrove Leaf Amoebae
To gain experience in identifying coastal marine gymnamoebae, and to help

perfect media formulations for isolation of ctenophore-associated amoebae, preliminary
experiments were conducted on amoebae inhabiting the surface of mangrove leaves.
Three submerged red mangrove tree leaves were collected on three separate sample dates.
On each sample date, three types of leaves were collected; a recently submerged leaf, a
partially decomposed leaf, and a leaf showing advanced degradation. It was reasoned that
more amoebae, or perhaps different species, would be found on the ‘older’ leaves
because of higher bacterial numbers (i.e. prey) associated with degraded tissue and the
luxuriant surface biofilm on these leaves.
Culture plates (5 different media) were monitored for the presence of
gymnamoebae by regularly examining dishes over a four week incubation period. In
total, nine morphotypes of gymnamoeba were documented. Each morphotype or
morphospecies (the terms are synonymous in this thesis) was presumed to be a different
species.
The partially decomposed leaves yielded a total of seven morphotypes, whereas
the recently submerged leaves and leaves showing advanced degradation showed only
four and six morphotypes, respectively. As expected, leaves with the least amount of
degradation, and hence time in the water, contained the fewest species of amoebae (Table
2). Morphotypes 1, 2, and 3 were found on leaves recently submerged, partially
decomposed, and those showing advanced degradation. Morphotypes 7 and 9 were found
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Table 2: Morphotypes of amoebae (types 1 – 9) isolated from three different classes of
mangrove leaves (reflecting degrees of degradation). Samples were collected on
3 different dates and amoebae were isolated in 5 different types of culture
media.
February 4, 2005

February 16, 2005

March 1, 2005

Recently

Partially

Advanced

Recently

Partially

Advanced

Recently

Partially

Advanced

Media

Submerged

Decomposed

Degredation

Submerged

Decomposed

Degredation

Submerged

Decomposed

Degredation

SW/MY

1,2

1,2

--

1,2,4

1,2,4,6

2,5,6

2,3

--

--

SW/r

2,4

6

--

2

2

2

--

2

--

FErds

--

1,2

1,2

2

1,2

--

--

1,2,3

1,2

C100S

2

--

1,2,3

2,4

--

--

--

9

2,3,8

MY100S

1

1,2

--

1,2,4

7,2

--

--

1,2,3

1
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only on partially decomposed leaves and morphotype 8 was found only on leaves
showing advanced degradation.
The first and third sample dates produced a total of five morphotypes and the
second date produced 6 morphotypes. Morphotypes 1, 2, 3, 4, and 6 were cultured from
leaves collected on February 4, 2005. Leaves collected on February 16, 2005 yielded
morphotypes 1, 2, 4, 5, 6, and 7; and leaves collected on March 1 yielded morphotypes 1,
2, 3, 8, and 9 (Table 2).
All media used supported the growth of at least three morphotypes of amoebae.
Media types C100S liquid, MY100S agar, and SW/MY each yielded at least 5
morphotypes. SW/MY, FErds, C100S liquid, and MY100S agar all supported
morphotypes 1 and 2, whereas other morphotypes, such as 7, 8, and 9, were found in only
one medium (Table 2, Figure 10). Morphotypes 5 and 8 were found only once; cultured
in SW/MY and C100S liquid respectively from leaves showing advanced degradation.
Morphotypes 7 and 9 were also cultured only once; isolated in MY100S agar and C100S
respectively from partially decomposed leaves. It is interesting to note that dense
bacterial prey did not necessarily promote the growth of most amoebae. For example,
media C100S liquid and FErds had a high degree of organic enrichment (cereal leaf
infusion and soil extract, respectively) and showed the greatest bacterial density out of all
the media tested. However, these formulations supported six morphotypes and three
morphtypes, respectively, out of a total of nine ‘species’. The types of amoebae supported
by various media were also different (Table 3). This illustrates the importance of using a
range of media formulations when isolating gymamoebae. No single medium
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5
4
3
2

MY100S

C100S

FErds

0

SW/r

1
SW/MY

Number of
morphotypes

6

Media formulations
Figure 10: Comparison of effectiveness of different media formulations in promoting the
growth of amoebae from the surfaces of mangrove leaves. All were liquid
media with the exception of MY100S that had a non-nutrient agar base.

45

Table 3: Morphospecies (presumed species) of amoebae isolated from mangrove leaves
on three different sampling dates. This table reflects the frequency of encounter
on the different dates.
Morphospecies SW/MY SW/r
1
√ +
2
√ + √ + 3
4
+
√
5
+
6
+
√
7
8
9

Media
FErds
√ + √ + -

C100S MY100S
√
√ + √ + - √ + √
+
+
+
-

46

Key
√
+
-

2/4/05
2/16/05
3/1/05

provided all the preferred bacterial densities, nutrients, trace elements and presumably
microhabitats necessary to support all types of amoebae.
The data in Table 3 clearly shows that species 2 was the most frequently
encountered morphotype of amoeba isolated from mangrove leaves. This species was
isolated in all samples and in all media formulations. Species 1, 3, and 4, were
moderately common occurring in 60%, 33%, and 27% of the culture dishes, respectively.
On the other hand, species 5, 6, 7, 8, and 9 were rare and were present in less than 13% of
the dishes (regardless of media formulations).
3.1.1

Mangrove Leaf Amoebae Morphotype Descriptions
To distinguish these identifications from those of amoebae from ctenophores, the

names are followed by ( l ) to signify leaf.
Morphotype 1 (Figure 11a) Locomotive form flattened and fan-shaped. Cells have an
obvious hyaline zone occupying half the length of the cell. Posterior without a definite
uroid. On occasion, posterior of the cell could be somewhat triangular. In locomotion,
cells average in size from 16-27 µm with a length: breadth ratio of 1.3. Cytoplasm
without obvious inclusions or crytals. Floating form without long radiating pseudopodia
with pointed tips. This description at the light microscope level is consistent with the
genera Platyamoeba or Vannella. While electron microscopy is helpful in distinguishing
these genera on the basis of ultrastructure of the glycocalyx, most platyamoebae have
floating forms with blunt pseudopodia. Morphotype 1 is tentatively identified as
Platyamoeba sp. 1 ( l ). The isolate is most similar to the named species P. bursella Page
1974 on the basis of size.
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a) scale 20 µm

b) scale 15 µm

c) scale 25 µm

d)scale 20 µm

e) scale 50 µm

f) scale 20 µm

g) scale 15 µm

h) scale 20 µm

i) scale 15 µm
Figure 11: Photomicrographs and line drawings of mangrove leaf morphotypes a)
Platyamoeba sp. 1 b) Vannella sp. 1 c) Thecamoeba orbis d) Hartmannella
abertawensis e) Mayorella sp. 1 f) unidentified vahlkampfiid sp. 1 g)
Vexillifera sp. 1 h) unidentified vahlkamphiid sp. 2 i) Platyamoeba sp. 2.
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Morphotype 2 (Figure 11b) Locomotive form flattened and fan-shaped. Cells have an
obvious hyaline zone occupying greater than half the length of the cell. Posterior without
an obvious uroidal bulb or trailing filaments. Posterior of the cell occasionally spatulate.
In locomotion, cells are 5-14 µm in length and have a length: breadth ratio of 1.0.
Cytoplasm without obvious inclusions. Floating form without long radiate pseudopodia.
The possession of a spatulate posterior is consistent with the genus Vannella.
Morphotype 2 is tentatively identified as Vannella sp. 1 ( l ). The species is most
similar, in terms of light morphological features, to V. aberdonica. This species lacks
tapered pseudopodia in the floating form and is within the correct size range.
Morphotype 3 (Figure 11c) Locomotive form somewhat flattened and oval in shape.
Cells have an obvious hyaline zone occupying greater than half the length of the cell.
Posterior rounded without uroidal features. The most distinctive and diagnostically
important feature was the presence of longitudinal wrinkles in moving cells. During
active locomotion, cells averaged 17-25 µm in length with a length: breadth ratio of 1.1.
This description is consistent with the genus Thecamoeba. Based on these features,
morphotype 3 is identified as Thecamoeba orbis ( l ) Schaeffer 1926.
Morphotype 4 (Figure 11d) Locomotive form limax (i.e. tubular). Locomotive cells
steady in motion and not markedly eruptive. No distinct posterior uroid but a narrow,
conspicuous, anterior hyaline cap. In locomotion, cells ranged in size from 5-14 µm with
a length: breadth ratio of 4.0. The small size of this isolate is consistent with H.
abertawensis Page 1980 with its mean locomotive size of 11.5 µm (Page, 1983).
Morphotype 4 is identified as Hartmannella abertawensis ( l ).
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Morphotype 5 (Figure 11e) Locomotive form compressed with short, blunt,
subpseudopodia extending from a hyaline lobe. They frequently originate in pairs giving
the impression of branching pseudopodia. They are, however, non-furcate pseudopodia;
an important condition of gymnamoebae. Posterior of the cell often with a bulbous uroid
occasionally with trailing filaments. In locomotion, cells average 23-73 µm in length with
a length: breadth ratio of 2.0. This description is consistent with the genus Mayorella.
While mayorellid are widely distributed, a few isolates belong to the genus Korotnovella.
This genus, formerly Dactylamoeba, has a glycocalyx composed of well developed
organic scales, quite distinct from the cuticle of Mayorella. Morphotype 5 is tentatively
identified as Mayorella sp. 1 ( l ). The wide size range and the occasional knobbly uroid
conforms to the species description for M. kuwaitensis.
Morphotype 6 (Figure 11f) Locomotive form markedly eruptive and morphology limax.
At times, posterior uroidal trailing filaments are evident. In locomotion, cells average 1320 µm in length and the length: breadth ratio is 3.0. This description is consistent with the
class Heterolobosea. These ‘amoebae’ all have flagellate stages or have lost the ability to
form flagellates as in the case of the genus Vahlkampfia. There are several
morphologically similar genera within this class, many within the family
Vahlkampfiidae. Molecular methods are required to designate genera and species. At the
light microscope level, such isolates are best described as vahlkampfiid amoebae.
Morphotype 6 is designated as an unidentified vahlkampfiid sp. 1 ( l ). Such amoebae
are limax in form and markedly eruptive during locomotion.
Morphotype 7 (Figure 11g) Locomotive form with subpseudopodia produced from an
anterior hyaloplasm. Unlike mayorellids, these subpseudopodia were long, slender
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conical projections. Indistinct posterior uroid. In locomotion, cells ranged from 13-20 µm
in length with a length: breadth ratio of 1.5. This description is consistent with the genus
Vexillifera. Morphotype 7 is identified as Vexillifera sp. 1 ( l ).
Morphotype 8 (Figure 11h) Locomotive form eruptive with limax (tubular) morphology.
No noticeable trailing uroidal filaments. In locomotion, cells between 21-54 µm with a
length: breadth ratio of 3.0. This description is consistent with the genus Vahlkampfia,
however, for reasons given above this isolate cannot be accurately identified without
molecular sequence data. Morphotype 8 is designated as unidentified vahlkampfiid
sp. 2 ( l ).
Morphotype 9 (Figure 11i) Locomotive form flattened or fan-shaped. Cells with an
obvious hyaline zone occupying half the length of the cell. Posterior without a definite
uroid and never spatulate. In locomotion, cells between 5-11 µm (noticeably smaller than
the other fan-shaped isolate) with a length: breadth ratio of 1.0. Cytoplasm without
obvious inclusions. Floating form without long radiate pseudopodia. This description is
consistent with the genus Platyamoeba. Morphotype 9 is identified as Platyamoeba sp.
2 ( l ).
A summary of mangrove leaf amoebae isolated and cultured is given in Table 4.
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Table 4: Mangrove leaf amoebae morphotypes isolated and cultured during preliminary
experiments.

Morphotype
1
2
3
4
5
6
7
8
9

Mangrove Leaf Amoebae
Platyamoeba sp. 1
Vannella sp. 1
Thecamoeba orbis
Hartmannella abertawensis
Mayorella sp. 1
unidentified vahlkampfiid sp. 1
Vexillifera sp. 1
unidentified vahlkampfiid sp. 2
Platyamoeba sp. 2
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3.2

Ctenophore Amoebae
Ctenophores (140 specimens) were collected from 16 different locations around

Florida between February 2005 and June 2006. Surface tissue with ciliated comb-plates
was dissected from animals and processed for attached gymnamoebae by using the five
media formulations given in section 2.2.2.1 to promote the growth of any associated
amoebae. As was the case for the ‘leaf morphotypes’, ‘ctenophore morphotypes’, or
morphospecies, were presumed to be different species. Since species identifications are
difficult or impossible in some cases at the light microscope level, it is useful and more
accurate to refer to morphotypes.
Eleven presumed species of gymnamoebae were isolated from 52 of the 140
Mnemiopsis sp. collected and processed. Amoebae were present at only 10 of the 16
locations sampled during the course of the study (2/2005 – 6/2006; Figure 12). All
morphotypes isolated were found at multiple sampling locations, i.e. no one morphotype
was restricted to a particular sampling location. Eight of the 11 morphotypes were found
in cultures from ctenophores collected from Melbourne, FL. No amoebae were found in
cultures of ctenophores collected from Boca Raton, Hallandale, Daytona Beach, Key
Biscayne, or Long Key, FL (Figure 12). It is not clear why some ctenophores were free
of amoebae. While it is impossible to rule out geographic location as a factor or
differences in sampling techniques at each location, it is more likely that the
physiological state of the ctenophores and the abundance of amoebae on the surface at the
time of sampling were key factors. Ctenophores in poor condition tended to yield the
greatest numbers (or at least positive scores) of amoebae. The 11 morphotypes were
isolated from the five media formulations used for mangrove-leaf amoebae. Three
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Panacea
4, 5, 7, 9, 11

Daytona Beach

Melbourne
1, 2, 4, 5, 6, 7, 8, 10

Tampa 3, 4, 5, 6

Boca Raton
Hillsboro 4
Pompano Beach 2, 9

Fort Lauderdale 4, 5, 10
Dania Beach 2, 5, 7, 9, 10

Naples
5

Hollywood 8, 11
Hallandale
Key Biscayne

Rookery Bay
1, 3, 4

Long Key

Figure 12: Map of Florida showing collection sites of Mnemiopsis sp. and morphotype
number designation of any amoebae cultured.
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additional formulations used to extend the range of morphotypes (see below) failed to
isolate any new types. Eight of the 11 morphotypes were isolated in SW/MY (Figure 13).
It is interesting to note that this media was also the most effective for isolating amoebae
from mangrove leaves (Section 3.1). Other amoebal isolates had a more restricted
occurrence (Table 5). Morphotype 3 was cultured only from west coast ctenophores
whereas morphotypes 2, 8 and 10 were cultured only from east coast ctenophores.
Morphotype 6 was cultured only from ctenophores found along Central Florida
coastlines.
Robust ctenophores, in terms of their tissues, were found in the locations of
Panacea, Tampa, and Rookery Bay Research Preserve (Figure 14). On the other hand, all
east coast ctenophores along with ctenophores collected in Naples were extremely fragile.
This may reflect differences in species or strains of Mnemiopis, however as stated in the
introduction, the taxonomy of the genus is in flux and the generalization “Mnemiopsis
sp.” was adopted throughout the study. Similar kinds of amoebae were isolated from
ctenophores regardless of whether they appeared ‘robust’ or ‘fragile’. The one exception
was with morphotype 3 that was only isolated from robust ctenophores. Ctenophores
collected in Panacea, Tampa, and Rookery Bay Research Preserve were located in
regions of very turbid water. If particulates in the water were the source of surfaceamoebae, one would expect these ctenophores to be rich in amoebal diversity (in a study
of sediments in the Clyde estuary, Scotland, Butler and Rogerson (1995) found 70 taxa of
ameobae). However, these ctenophores only yielded 8 morphotypes. In fact more
amoebal types (10) were found on ctenophores from the east coast of Florida and the
Naples area where waters were very clear.
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7
6
5

FCS

MY/MN

BEYI

MY100S

C100S

FErds

1
0

SW/rice

4
3
2

SW/MY

Number of
morphotypes

8

Media formulations

Figure 13: Number of morphotypes cultured from Florida ctenophores in each media.
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Table 5: Morphospecies cultured from Florida east coast and west coast ctenophores in
each media.

Morphospecies
1
2
3
4
5
6
7
8
9
10
11

SW/MY
√ +
√

SW/rice

FErds

Media
C100S MY100S

BEYI

MY/MN

+
√
√

+
+

√

√
+

+
√

√
√

√
√

+
+
√

+
√

√
+

√
√

+

√
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FCS
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Figure 14: Map of Florida showing collection sites of Mnemiopsis sp. and whether
ctenophores were robust (red) or fragile.
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3.2.1

Ctenophore Amoebae Morphotype Descriptions
To distinguish these descriptions from those of amoebae from mangrove leaves,

the names are followed by ( c ) to signify ctenophore.
Morphotype 1 (Figure 15) Locomotive form very flattened and often fan-shaped with a
very faint, rapidly changing, wavy hyaline zone occupying half the length of the cell.
Posterior without a definite uroid although trailing filaments occasionally present. On
rare occasions the posterior of the cell could be spatulate. These rapidly changing cells
could extend two separate hyaline zones moving in opposite directions (as if the cell was
undergoing cell division). With time, the cell resumes normal locomotion with a single
advancing hyaline cap. In older cultures, cells can fuse to form larger cells (up to 130
µm). In exponentially growing cultures, length of cells often shorter than breadth. In
culture, cells display a range of morphologies and sizes although most about 7 µm in
length and about 15 µm in width with a length: breadth ratio of about 0.4. Floating form
is a rounded mass without radiating pseudopodia. The amoeba is reminiscent of
Flabellula although the indistinct and very transparent hyaline cap is inconsistent with
the description of a ‘prominent anterior hyaloplasm’ given by Page (1983). With this in
mind, this isolate resembles F. trinovantica or F. dementica in terms of size. In fact, in
the description of F. dementica it is noted that some amoebae have 2 hyaloplasmic zones
advancing in opposite directions (Page 1983). In earlier work by Moss (pers. comm.),
images of amoebae directly on the surface of ctenophores were tentatively identified by
Rogerson (pers. comm.) as Flabellula-like. Of all the 11 morphotypes isolated in the
course of this study, morphotype 1 is the most similar to the type observed on
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Figure 15: Morphotype 1: unidentified flabellulid amoebae ( c ). Length: 7 µm.

60

ctenophores and is the ‘presumed symbiont’. Morphotype 1 is designated as an
unidentified flabellulid amoeba ( c ).
Morphotype 2 (Figure 16). Locomotive form compressed with very short, blunt,
subpseudopodia extending from a hyaline lobe. Posterior of the cell without a definite
uroid. In locomotion, cells average 9-17 µm in length with a length: breadth ratio of 1.7.
Floating form as a small irregular mass with short, blunt pseudopodia. This isolate is a
small mayorellid type amoeba. These usually fall within the genera Mayorella and
Korotnovella (formerly Dactylamoeba). The former has a glycocalyx with a well defined
cuticle while the latter has a glycalyx composed of complex, boat-shaped scales. The
glycocalyx is an important diagnostic feature at the ultrastructural level. Since electron
microscopy was beyond the scope of this research, the isolate is tentatively named as
Korotnovella because of the small size of cells; most species of Mayorella are greater
than 20 µm and are reported as small to medium sized (Page, 1983). Morphotype 2 is
identified as Korotnovella ( c ).
Morphotype 3 (Figure 17). Locomotive form fan-shaped. Cells with an obvious hyaline
zone occupying greater than half the length of the cell. Posterior without a definite uroid
and never spatulate. In locomotion, cells between 5-10 µm with a length: breadth ratio of
1.0. Cytoplasm without obvious inclusions. Floating form without long radiate
pseudopodia. This isolate has features of Vannella and Platyamoeba as well as genera
with intermediate features such as Unda. Because of this uncertainty, morphotype 3 is
designated as an unidentified vannellid ( c ).
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Figure 16: Morphotype 2: Korotnovella ( c ). Length: 9-17 µm.
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Figure 17: Morphotype 3: unidentified vannellid ( c ). Length: 5-10 µm.
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Morphotype 4 (Figure 18) Locomotive form flattened and fan-shaped. Cells with an
obvious hyaline zone occupying half the length of the cell. Posterior without an obvious
uroidal bulb, however, posterior of the cell often spatulate. In locomotion, cells are 5-14
µm in length and have a length: breadth ratio of 1.2. Cytoplasm without obvious
inclusions. Floating form a small spherical mass without long radiate pseudopodia. The
spatulate appearance of the posterior is consistent with the genus Vannella. Morphotype
4 is tentatively identified as Vannella sp. 1 ( c ).
Morphotype 5 (Figure 19) Locomotive form flattened and oval in shape. Cells with an
obvious hyaline zone occupying about half the length of the cell. Posterior without a
definite uroid but on occasion, posterior somewhat triangular and/or spatulate. In
locomotion, cells average in size from 14-27 µm with a length: breadth ratio of 1.8.
Cytoplasm without obvious inclusions or crytals. Floating form without long radiating
pseudopodia. Morphotype 5 is identified as Vannella sp. 2 ( c ).
Morphotype 6 (Figure 20) Locomotive form often more elongate than fan-shaped with
hyaline zone occupying half the length of the cell. Posterior without a definite uroid, but
posterior often very elongate. In locomotion, cells between 5-12 µm, with a length:
breadth ratio of 2.0. Floating form with occasional radiate pseudopodia. As noted on
several occasions, some marine isolates of Vannella are indistinguishable from
Platyamoeba with the light microscope. However, the elongate shape of the cell
(linguiform) is suggestive of the genus Platyamoeba, although the radiate pseudopodia is
less indicative of this genus. Even so, morphotype 6 is tentatively identified as
Platyamoeba ( c ).
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Figure 18: Morphotype 4: Vannella sp. 1 ( c ). Length: 5-14 µm.
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Figure 19: Morphotype 5: Vannella sp. 2 ( c ). Length: 14-27 µm.
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Figure 20: Morphotype 6: Platyamoeba ( c ). Length: 5-12 µm.

67

Morphotype 7 (Figure 21). Locomotive form compressed with short, blunt,
subpseudopodia extending from the advancing hyaline lobe. Non-furcate subpsuedopodia
often occuring in pairs giving the impression of branching pseudopodia. Posterior of the
cell without a definite uroid. In locomotion, cells average 25-51 µm in length with a
length: breadth ratio most often of 2.5. Floating form displays a central spherical mass
with long radiate pseudopodia. This is a mayorellid and because of its size is most likely
to belong to the genus Mayorella although electron microscopy would be required to
unambiguously distinguish it from the morphologically similar, but smaller genus
Korotnovella. Morphotype 7 is tentatively identified as Mayorella sp. 1 ( c ).
Morphotype 8 (Figure 22) Locomotive form somewhat flattened with subpseudopodia
extending from the advancing anterior of the cell. These pseudopodia numbered one or
more and were long and finger-like. Posterior with no noticeable uroid. In locomotion,
cells average 11-20 µm in length with a length: breadth ratio of 1.6. Floating form a
spherical mass with few (if any) irregular pseudopodia. The features are consistent with
the genus Vexillifera and the size coincides with V. armata, although it is premature to
identify this isolate to species with the available information. Morphotype 8 is identified
as Vexillifera ( c ).
Morphotype 9 (Figure 23) Locomotive form compressed with short, blunt,
subpseudopodia extending from an advancing hyaline lobe. Posterior of the cell
occasionally with a small bulbous uroid. In locomotion, cells average 15-25 µm in length
with a length: breadth ratio most often of 2.5. Floating form often an irregular mass
occasionally with one or two radiate pseudopodia. This amoeba resembles Paramoeba
aestuarina but the absence of DNA-containing parasomes adjacent to the nucleus
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Figure 21: Morphotype 7: Mayorella sp. 1 ( c ). Length: 25-51 µm.
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Figure 22: Morphotype 8: Vexillifera ( c ). Length: 11-20 µm.
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Figure 23: Morphotype 9: Mayorella sp. 2. Length: 15-25 µm.
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discounts it from this genus. This mayorellid-type amoeba is most likely in the genus
Mayorella and Morphotype 9 is tentatively identified as Mayorella sp. 2 ( c ).
Morphotype 10 (Figure 24) Locomotive form flattened and often oval or fan-shaped.
Cells have an obvious hyaline zone occupying one third to one half the length of the cell.
Posterior without a definite uroid, never spatulate. In locomotion, cells average in length
from 15-20 µm with a length: breadth ratio of 1.3. Cytoplasm without obvious inclusions.
Floating form often with long radiate pseudopodia. Although spatulate forms were not
observed, the radiate pseudopodia in the floating form is strongly suggestive of the genus
Vannella. Morphotype 10 is tentatively identified as Vannella sp. 3 ( c ) distinct from
isolates 4 and 5 on the basis of size and/or floating form.
Morphotype 11 (Figure 25) Locomotive form limax with markedly eruptive locomotion.
No distinct uroid. In locomotion, cells average in length from 5-12 µm with a length:
breadth ratio of 3.0 - 4.0. Similar to mangrove morphotype 4 in overall morphology but
locomotion of this ctenophore isolate is markedly eruptive. This identifies the amoeba as
a vahlkampiid amoeba, possibly belonging to one of the following genera that have all
been described from marine environments; Vahlkampfia, Nolandella, or Heteramoeba. At
this time, morphotype 11 is designated as an unidentified vahlkampfiid ( c ).
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Figure 24: Morphotype 10: Vannella sp. 3. Length: 15-20 µm.
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Figure 25: Morphotype 11: unidentified vahlkampfiid amoebae. Length 5-12 µm.
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Table 6: Ctenophore amoebae morphotypes cultured from ctenophores collected from
Florida coasts during 2005-2006.

Morphotype
1
2
3
4
5
6
7
8
9
10
11

Mnemiopsis Amoebae
unidentified flabellulid amoeba
Korotnovella
unidentified vannellid
Vannella sp. 1
Vannella sp. 2
Platyamoeba
Mayorella sp. 1
Vexillifera
Mayorella sp. 2
Vannella sp. 3
unidentified vahlkampfiid
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3.2.2 Occurrence of Flabellula-like Gymnamoeba (flabellulid amoeba morphotype
1 ( c )) and the Ciliate Trichodina ctenophorri on the Ctenophore Surface
A previous study by Moss et al. (2001; pers comm.), as a precursor to this present
investigation and research grant (NSF no. 0348327) detailed the occurrence of two
possible protistan symbionts associated with the comb rows of Mnemiopsis. One was an
unidentified amoeba that at the light microsocope level resembled the genus Flabellula or
was at least Flabellula-like. This identification was based on photomicrographs taken by
Moss depicting fast moving amoebae crawling across the comb plates of living animals.
The tentative identification was made by A. Rogerson (pers. comm.). The second protist
common on the surface of ctenophore comb plates was the ciliate Trichodina ctenophorii.
The interest in the ciliate was beyond the scope of the present study although its presence
is interesting because there could be a relationship with the occurrence of the amoeba on
infected ctenophores. A component of the present study was to document the frequency
of ctenophores harboring this presumed amoebal symbiont.
At the onset of the study, appropriate microscopical methods were unavailable for
observing the surface of living ctenophores. Thus, it is unknown how many of the first
forty-six ctenophores collected harbored the Flabellula-like gymnamoebae or the ciliate
T. ctenophorii. These animals were all collected and processed for isolation of surface
associated amoebae, including the presumed symbiont. Later in the study, interference
contrast optics appropriate for viewing live ctenophores contained in a minimum of
seawater in plastic Petri dishes were purchased. This microscopical arrangement was
used to observe the surface of ctenophores for the presence of ‘symbiotic’ amoebae ahead
of processing tissue for isolation of amoebae. Of the 94 ctenophores collected from
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Florida waters and examined in this regard, 80 animals (85 %) possessed the Flabellulalike symbionts. This is important since the same frequency (85%) was not found during
the enrichment cultivation experiments. Morphotype 1, the flabellulid amoeba, was only
detected in 2% of cultures. It should also be noted that of the 15% of animals that were
observed to be ‘free’ of amoebae, it is more accurate to state that the numbers of amoebae
were below detection and that the tissue samples were processed as if they harbored
amoebae. While observations were extensive, the entire surface was not exhaustively
scanned for amoebae and different animals had different degrees of infestation. For
example, 42 of the ctenophores examined (ca. 45%) were heavily infested with amoebae.
Of those ctenophores from turbid waters, 56% were heavily infested whereas only 35%
of the ctenophores from less turbid waters were heavily infested with amoebae (Figure
26). It is important to note that amoebae observed on the surface were invariably the
Flabellula-like amoebae. These amoebae were locally abundant in the epibiont habitat.
Other amoebae that grew out in culture were presumably rare on the surface.
Forty-seven of the 94 ctenophores examined directly by interference contrast
microscopy (50%) possessed the ciliate Trichodina ctenophorii; 10 of these (11%) were
heavily infested. Of the ctenophores from turbid waters, 14% were heavily infested with
T. ctenophorii and 8% of ctenophores from less turbid waters were heavily infested with
T. ctenophorii. Forty-four of the 94 ctenophores possessing the Flabellula-like amoebae
also possessed T. ctenophorii (47%). Eight ctenophores heavily infested with the
Flabellula-like gymnamoebae were also heavily infested with T. ctenophorii (9%). Three
ctenophores that possessed Trichodina ctenophorii did not bear any visible Flabellulalike gymnamoebae (3%) (Figure 27).
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Flabellula- like Amoebae Infestation on Comb
Plates of Mnemiopsis sp. around Florida

15%
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Not detectable
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Less Turbid Waters
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19%
35%
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Figure 26: Flabellula-like amoebae infestation on comb plates of Mnemiopsis sp. around
Florida during 2005-2006. Top: combined turbid waters and less turbid
waters. Left: turbid waters. Right: less turbid waters.

78

Trichodina ctenophorii Infestation on Comb Plates
of Mnemiopsis sp. around Florida
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Figure 27: Trichodina ctenophorii infestation on comb plates of Mnemiopsis sp. around
Florida during 2005-2006. Top: combined turbid waters and less turbid
waters. Left: turbid waters. Right: less turbid waters.
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The greatest concentration of the Flabellula-like amoebae on Florida ctenophores
was 946 amoebae mm-2 of ctenophore comb plate surface and the greatest concentration
of T. ctenophorii was 95 ciliates mm-2 (Figure 28). On average, ctenophores from Florida
possessed 313 amoebae mm-2. The greatest concentration of amoebae on ctenophores
collected from the Chesapeake Bay was similar at 859 mm-2 with an overall mean of 339
amoebae mm-2. However, there were considerably more T. ctenophorii on ctenophores in
the Chesapeake with up to 243 ciliates mm-2 of comb plate (Figure 29).
3.2.2.1 Fixation and Molecular Analysis
Since the flabellulid amoeba (morphotype 1 (c)) was probably new to science (A.
Rogerson, pers. comm.), preliminary work on characterizing the ultrastructural features
(TEM) and molecular sequence of the rRNA gene was conducted. As noted earlier,
attempts to prepare samples for TEM and molecular sequencing were unsuccessful. This
work is being continued by other researchers at Woods Hole Oceanographic Institute,
MA.
3.2.2.2 Salinity Trials
Salinity trials were conducted on the flabellulid amoeba [morphotype 1 ( c )] to
investigate the salinity that allowed maximum growth and long term maintenance of
cultures. After the first 24 hours of inoculation, plates for all 7 replicates at all salinities
contained the flabellulid amoebae. After the first 120 hours, all salinities greater than 0
ppt showed some growth of the amoeba (no growth was found for 0 ppt). Amoebae in
salinities of 10 and 15 ppt multiplied very quickly for the first 120 hours and then the
populations crashed rapidly, whereas other salinities (20, 25, 30, 35, 40 ppt) showed a
gradual increase in population without the rapid die off in stationary phase. Amoebae in
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Figure 28: Number of Flabellula-like gymnamoebae and Trichodina ctenophorii on
comb plates of Mnemiopsis sp. from ctenophores collected around Florida.
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Figure 29: Number of Flabellula-like gymnamoebae and Trichodina ctenophorii on
comb plates of Mnemiopsis sp. from ctenophores collected in the Chesapeake
Bay.
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salinities of 5, 45, and 50 ppt showed a very slow growth and never reached the number
of cells per culture dish as the others (10, 15, 20, 25, 30, 35, 40 ppt) (Figures 30 a,b and
31). The variation between random field of view counts was typically ±15%.
Generation times for each salinity displaying growth were calculated over the first
120 hours. During this period of time, all salinities greater than 0 ppt salt showed
exponential growth; R2 values ranged from 0.8272 – 0.9745 (Table 7).The shortest
generation time (ie. fastest growth) calculated for the flabellulid amoeba was 20.9 hours
at 10 ppt and the longest generation time calculated was 45.7 hours at 50 ppt. The
maximum number of cells attained in any culture dish was at a salinity of 30 ppt (8.9 x
106 amoebae per 60 mm diameter culture dish). A Tukey Kramer multiple comparison
test showed that a significant difference in generation times existed only between a
salinity of 0 ppt (which showed no growth) and all other salinities (p < 0.05), and
between 50 ppt and 10, 15, 20, 25, 30, and 40 ppt. In other words, growth across the
range 10-40 ppt was equivalent.
The salinity experiment was continued over 21 days at salinities of 0, 10, 20, 30,
40, and 50 ppt to find conditions appropriate for long-term maintenance of the flabellulid
amoebae. This data shows that for salinities of 20, 30, and 40 ppt, high densities were
reached after the first week, however, numbers dropped off rapidly in the following week
(Figure 32). Multiple paired-sample t-tests revealed that a significant difference existed
between 0 and 50 ppt and all other salinities after 7 days (p < 0.02). After 14 days, a
significant difference existed between 30 ppt and all other salinities (p < 0.001) and 0 and
50 ppt and all other salinities (p < 0.01). By day 21, a significant difference existed
between 30 and 40 ppt and all other salinities (p < 0.01). The extreme salinities of 0 and
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Figure 30a: Growth profiles of flabellulid amoebae over time (168 h) at salinities of 5,
10, 15, 20, 25, 30, and 35 ppt. Numbers are per dish (60 mm diameter Petri
dish). n = 7.
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Figure 30b: Growth profiles of flabellulid amoebae over time (168 h) at salinities of 40,
45, and 50 ppt. Numbers are per dish (60 mm diameter Petri dish). n = 7.
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Figure 31: Summary of data in Figures 30 a, b.
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Table 7: Generation times, maximum number of cells recorded, and regression equations
for the flabellulid amoebae at each salinity displaying exponential growth from
0-120 h.

Salinity (ppt)
5
10
15
20
25
30
35
40
45
50

Generation Time (h)
32.27
20.86
22.87
25.30
25.84
26.93
30.78
23.41
35.33
45.66

Error between
Replicates
±14.6
±8.6
±9.5
±10.7
±10.6
±11.4
±13.4
±10.1
±15.4
±18.9
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Max number of cells
recorded in a plate
5306769
7640910
5741149
7479671
7049524
8896950
6515707
7855483
4521744
1051933

Regression Equation
y = 0.2545x+4.8859
y = 0.3524x + 4.9388
y = 0.3185x + 5.0666
y = 0.3146x + 5.0932
y = 0.2914x + 5.1601
y = 0.2845x + 5.186
y = 0.266x + 5.1809
y = 0.3514x + 4.8465
y = 0.1831x + 5.1482
y = 0.1392x + 5.0153

R2 value
0.8876
0.9510
0.9590
0.9463
0.9451
0.9745
0.9652
0.9493
0.8627
0.8272

Number of Amoebae

6000000
5000000
0 ppt
4000000

10 ppt
20 ppt

3000000

30 ppt
40 ppt

2000000

50 ppt

1000000
0
1

7

14

21

Days

Figure 32: Number of flabellulid amoebae at salinities of 0, 10, 20, 30,
40, and 50 ppt over a 3 week culture span. Numbers are per dish (60 mm
diameter Petri dish).
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50 ppt showed significantly less ability to support cell growth over long periods of time
and 30 ppt was best for long-term sustainability of cultures. It should be noted that for all
salinities over the entire 21 days, dense bacterial populations (ie. prey) were present.
3.3

Fish Amoebae
Three species of fish were acquired from Ray’s Live Bait on three different

occasions. Scales from three locations on the fish surface were processed for the presence
of gymnamoebae. Amoebae were cultured from all three species of fish and from each of
the three sample locations on each species of fish. A total of four morphotypes of
gymnamoebae were cultured from 12 fish. Cysts of Acanthamoeba were also noted in
three of the cultures. Sardinella aurita was found to bear three of the four morphotypes
along with acanthamoeba cysts. Only one morphotype was cultured from scales of
Scomber scomrus and only two morphotypes were cultured from scales of Selar
crumenophthalmus, however, Selar crumenophthalmus also harbored acanthamoeba
cysts. All four morphotypes were cultured in SW/MY media, three of the four were
cultured in MY100S and only two were cultured in C100S (Table 8).
All morphotypes cultured were also found on either mangrove leaves or
ctenophore comb plates except the Acanthamoeba cysts. Acanthamoeba is a genus
normally found in soil and freshwater hence its appearance on the surface of marine fish
was unexpected. To distinguish amoebae cultured from the surface of fish from
descriptions of amoebae from mangrove leaves and ctenophores, the morphotypes are
followed by ( c ) to signify fish. Morphotype 1 ( f ) is the same as morphotype 3 ( c ),
morphotype 2 ( f ) is mophotype 5 ( c ), morphotype 3 ( f ) is very similar to morphotype
5 ( l ), and morphotype 4 ( f ) is a larger vanellid, like morphotype 10 ( c ).

88

Table 8: Amoebae morphotypes cultured from three species of fish.

Fish

Scale

Sa1

L
D
G
L
D
G
L
D
G
L
D
G
L
D
G
L
D
G
L
D
G
L
D
G
L
D
G
L
D
G
L
D
G
L
D
G

Sa2

Sa3

Sa4

Sa5

Ss1

Ss2

Ss3

Sc1

Sc2

Sc3

Sc4

Morphotypes
Media
SW/MY MY100S C100S
2
1,2
2,3
2
3
2
1
A.
2
1
1
1
4,A.
4
1
A.
4
4
-

Fish
Sa
Ss
Sc
Scale
L
D
G
A.
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Sardinella aurita
Scomber scomrus
Selar crumenophthalmus

scale from lateral line
scale from behind dorsal fin
scale from behind gill
Acanthamoebae cysts

4.0

Discussion
In 1983, Azam and colleagues published an influential paper that presented a new

paradigm for how microbes functioned within the marine environment. Their microbial
loop model radically changed our view of how bacteria and bacterial consumers
(predominantly the heterotrophic protists) cycled carbon and nutrients (Azam et al.,
1983). As a result of this paper, ecological studies on the role of heterotrophic protists
(i.e. protozoa) flourished. But despite this effort on the heterotrophic nanoflagellates and
conspicuous ciliated protozoa, research on the third group, the naked amoebae,
languished. This is underscored in a recent series of review articles detailing the
microbial ecology of the oceans. In this comprehensive review, the amoebae are all but
ignored (Kirchman, 2000).
It has only been within the last ten years that researchers have started to consider
amoebae. This is largely a result of a series of papers detailing their abundance and
diversity in various habitats. Several papers have highlighted the numerical importance of
naked amoebae (gymnamoebae) in marine coastal waters from a variety of sites.
Rogerson and Laybourn-Parry (1992), reported up to 43,000 amoebae l-1 in the water
column of the Clyde Estuary, Scotland while Anderson and Rogerson (1995) found up to
15,600 at the same site in a follow up study. In subtropical Florida, Rogerson and
Gwaltney (2000) reported up to 104,000 amoebae l-1 in the water column of mangrove
water. Similarly, Anderson (1998) counted 75,000 amoebae l-1 in a brackish pond in
Bermuda. These high numbers were thought to be due to the fact that amoebae in the
water column are predominately floc-associated. In the Florida mangrove, 91.6% of all
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planktonic ameobae were attached to suspended flocs (Rogerson et al., 2003) and in
shallow waters most flocs are resuspended sediments.
Not surprisingly, sediments contain high numbers of amoebae. In a study
conducted in the Clyde estuary, Scotland, Butler and Rogerson (1995) reported up to
14,883 amoebae cm-3 in benthic sediments. Even intertidal beach sand had impressive
densities. Rogerson et al. (2000) found numbers of amoebae ranging from 438 to 13,035
cm-3 in beach sediments at two beaches; Kames Bay, Isle of Cumbrae, Scotland, UK and
Dania Beach, FL, USA.
Amoebae have been isolated from extreme marine environments. Mayes et al.
(1998) routinely isolated amoebae from water samples collected from Antarctica where
the water temperature ranged from -2 to 0° C. In this psychrophilic habitat, the abundance
of amoebae ranged from 0 (below detection) to 2,600 amoebae l-1 (Mayes et al. 1998).
Earlier, Kopylov and Sahin (1988) found between 0 and 68,000 amoebae l-1 in Pacific
Antarctica. The Salton Sea is the largest inland lake in California with an average salinity
of 44 ppt. Here, amoebae were numerically important ranging from 14,560 to 237,120
cells l-1 (Rogerson and Hauer, 2002). Although this is only moderately saline, amoebae
were also common in the hypersaline ponds (up to 180 ppt salt) that surrounded the Sea.
It should be noted that the majority of published estimates of abundance use enrichment
cultivation methods. Since not all amoebae will grow in the laboratory, this is an
underestimate of true abundance. The scale is unknown but a comparison between
enrichment cultivation counting (basically an MPN method) and direct counting using
fluorochromes suggested that indirect methods yielded estimates about half those of
direct methods (Rogerson and Gwaltney, 2000).
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In short, we now know marine amoebae are a numerically important group of
heterotrophic protists, at least in shoreline waters and sediments. Their abundance in
nature might be the dominant factor controlling their presence on the surface of
ctenophores (as studied in the present project). Alternatively, ctenophores might provide
a unique site for proliferation of one or more amoebae including the presumed symbiont.
The morphotypes of amoebae present on 140 ctenophores were studied over the 2
year duration of this study and a total of 11 different morphospecies were isolated. It is
unclear just how many total species of marine amoebae have been described in the
literature. Many of the early descriptions are invalid. Moreover, few investigators are
willing to deal with the lack of rigid diagnostic features applicable to the group, and
many species remain to be described. In the Salton Sea study Rogerson and Hauer (2002)
commented that 40% of the species isolated were new to science. Likewise, in mangrove
waters, 43% were estimated to be new species (Rogerson and Gwaltney, 2000). Lack of
knowledge about diversity is particularly true of small amoebae (i.e. those less than 10
µm). Various researchers have shown that about 60% of all amoebae isolated are in this
size category (Anderson and Rogerson, 1995; Butler and Rogerson, 1995; Rogerson and
Gwaltney, 2000), yet less than 10 species have ever been described in the literature
(Rogerson, pers. comm.). A recent check-list of marine species in Europe (water column
samples from the Atlantic and associated water bodies) compiled from all the published
literature documented 74 marine species (Costello et al., 2001). This is an appropriate
benchmark on which to judge diversity studies from other marine sites. Sawyer (1980)
isolated 15 species of amoebae from nearshore sediment samples taken from the New
York Bight Apex, 16 species of amoebae from sediment samples taken from 19-65 miles
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off the coasts of New York and New Jersey, and 12 species of amoebae from Gulf of
Mexico sediment samples, 5 of which were also isolated from the Atlantic locations. In
the Salton Sea, California, 45 different taxa (presumed species) were isolated, which is an
impressive diversity for a single body of water in a single study (Rogerson and Hauer,
2002). Butler and Rogerson (2000) found close to 70 species of naked amoebae in a yearlong study of benthic sediments from the Clyde estuary, Scotland. Mangrove water in
southern Florida yielded 37 species (Rogerson and Gwaltney, 2000), while beach sands
in Japan contained 15 species (Sudzuki, 1979).
Fewer studies have considered the numbers and diversity of amoebae on living
surfaces. Such reports may be more relevant to the work conducted here where amoebae
living on the surface of living ctenophores were considered. Rogerson (1991) found 27
species on the surfaces of living macroalgae off the west coast of Scotland. On similar
seaweeds, Armstrong et al. (2000) found that amoebae were generally fewer than 20 cm-2
but that in damaged areas rich in bacteria, numbers were often more than 20 cm-2. While
it is probable that the majority of these surface amoebae were bactivorous, it is possible
that some were utilizing algal carbon directly. It is worth noting that the average number
of a single amoeba (presumed symbiont) found on the surface of ctenopores was 313 mm2

. This is considerably more than densities on seaweeds. One amoeba, Trichosphaerium,

has been shown to be capable of digesting several species of seaweeds. Indeed, this
amoeba can be maintained axenically in the presence of autoclaved seaweed tissue
(Polne-Fuller et al, 1990). Moreover, three heterotrophic protists from seaweeds were
shown to invade tissue when in the presence of bacteria (Armstrong et al., 2000).
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Amoebae have also been shown to be common on the surface of the prop roots of
mangroves. Here, they averaged 7.7 x 103 g-1 dry weight of surface film.
Since so few studies have examined amoebae on the surfaces of living organisms,
the presence of amoebae on the surface of coastal fish was pertinent to the present study.
Examination of 36 scale samples from 12 marine fish proved positive for amoebae on 16
occasions (44%). From these samples, a total of four morphotypes were found. It is
relevant to note that no one site (behind the dorsal fin, lateral line, behind the gill) was
the preferred location for amoebae or indeed that any one species of fish (out of 3) had
more or less the same frequency of amoebae. The fact that amoebae were present on
92% of fish is suggestive that marine invertebrates and vertebrates may harbor
amoebae more commonly than believed and that surface associated amoebae may be
more common than realized. Since amoebae were detected on fish from just two scales
indicates that they are probably fairly abundant on the surface. Moreover, since the
marine isolates were similar to many reported from the water column, it is unlikely that
these populations were harmful although the exact nature of the associations were not
considered. There are few comparable data available. Researchers in Tasmania reported
Neoparamoeba from the gills of salmon (Rogerson pers. comm.). High populations were
reported and the amoebae were thought to be damaging the gills, in similar ways that P.
invadens (=N. invadens) parasitized sea urchin populations. Clearly, additional work
needs to be conducted to see how general the phenomenon is of amoebae associating
with the surface of living marine organisms.
The isolation of Acanthamoeba from marine fish scales on three occasions was
very unexpected. This is a free-living freshwater amoeba that is very common in soil. It
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forms resistant stages in response to desiccation and has been isolated from Florida beach
sand (Booton et al., 2004) and most recently from a seawater sample (Seubert, pers.
comm.). Its appearance in marine samples is not that unexpected since it forms cysts that
survive in seawater. However, its isolation from the surface of fish suggests that it may
be living in the mucous layer although the possibility that the mucous trapped suspended
cysts cannot be ruled out. Regardless, this is an interesting observation deserving of
further attention since acanthamoebae are opportunistic pathogens that can cause eye
infections (amoebic keratitis) and even fatal encephalitis (on very rare occasions) in
humans.
As noted previously, one of the major problems limiting the field of amoebal
ecology is a reluctance to deal with issues of identification. This was well illustrated by
Sieburth back in 1979 when he wrote that those who examine planktonic and benthic
samples seem to shy away from amoebae. Not much has changed since then and although
almost thirty years later, many studies focusing on heterotrophic protists merely mention
that amoebae were present. Identification of gymnamoebae at the light microscopy level
is often difficult and controversial due to lack of rigid diagnostic features in many
amoebae and relies on subtle morphological characteristics, such as size and shape (Page,
1983). In distinguishing some amoebae (Vannella and Platyamoeba), ultrastructural
characters, such as glycostyles, have been helpful. But as molecular data plays more into
identification, some investigators are suggesting that even the nature of the glycocalyx is
unreliable. Sims et al. (2002), who used small subunit ribosomal RNA to distinguish the
amoebae, claimed that the use of surface structure to separate Vannella and Platyamoeba
was incorrect. In a more comprehensive study, Smirnov et al (2007) reviewed the
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phylogeny, and taxonomy of vannellid amoebae and concluded that the presence
(Vannella) or absence (Platyamoeba) of glycostyles in the cell surface coat is an invalid
generic distinction and concluded the genera must merge. Peglar (2003), using molecular
approaches, has questioned older classification schemes such as that proposed by Page
(1983). This scheme is published as part of an identification key and despite its age is
widely used by microbial ecologists working with field isolates. The debate continues
and there is currently no comprehensive, universally adopted, classification key available.
It is true to say that the classification of amoebae is in a state of flux. In addition, new
species are constantly being described (Anderson et al., 1997; O’Kelly et al., 2001;
Moran et al., 2007) and/or re-described (Rogerson et al., 1998a). Many of these are solely
on the basis of molecular sequence data making the naming of species at the light or
electron microscopical level increasingly problematic. Discussion on the types of
amoebae isolated from the ctenophores must be viewed in the context of the above
information.
In the course of the present study, surface tissue (including comb rows of cilia)
were processed by rinsing and inoculating into various growth media to elucidate the
total diversity of amoebae on the surface of ctenophores. In total, 140 ctenophores were
processed and 11 different types (morphotypes or morphospecies) of amoebae were
found. Of these none could be identified to species and only 8 to genus with any degree
of confidence (see footnote*).
The coastal ctenophore, Mnemiopsis sp., occupies surface waters of the Atlantic
Ocean and as such encompasses a range of salinities from 2-38 ppt salt (Kremer, 1994;
*Footnote : Morphotype 1: unidentified flabellulid amoeba (presumed symbiont), Morphotype 2: Korotnovella,
Morphotype 3: unidentified vanellid, Morphotype 4: Vannella sp. 1, Morphotype 5: Vannella sp. 2, Morphotype 6:
Platyamoeba, Morphotype 7: Mayorella sp. 1, Morphotype 8: Vexillifera, Morphotype 9: Mayorella sp. 2,
Morphotype 10: Vannella, Morphotype 11: unidentified vahlkampfiid.
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Shiganova, 2001) and in temperature from 0-32°C (Harbison, 2001; Shiganova, 2001).
They can be found in great abundances in the absence of predators and can reproduce
very rapidly (Shiganova, 2001). Controversy exists over whether Mnemiopsis leidyi and
Mnemiopsis mccradyi are two separate species or a single polymorphic species. There
was a noticeable difference in the robustness of some Mnemiopsis sp. collected during the
course of this study that may have reflected species or strains or just physical conditions.
As discussed fully below, the presumed symbiont [morphotype 1 ( c ), see
footnote, page 95] was euryhaline capable of growing in the salinity range 5 to 50 ppt
salt. Although the lower level (2 ppt) was not examined, it is likely that amoebae would
tolerate (even if they did not grow) this low level for short periods. Amoebae appear to be
very resilient to salinity changes. In a recent paper, Hauer and Rogerson (2005) examined
the salinity tolerance of several marine amoebae and found that clones grew from 2 to
120 ppt. Indeed, isolates from hypersaline ponds grew between 0 and 207 ppt salt. In
other words, it is unlikely that salinity fluctuations challenged the survival of ctenophore
amoebae. Temperature tolerance was not addressed in this study since the focus was on
Florida waters where temperatures in the single digits were not relevant.
Moss et al. (2001) described a Flabellula-like gymnamoeba that had a maximum
width of about 15 µm occupying the surface of comb plates on Mnemiopsis mccradyi
collected from the surface waters of Apalachicola Bay, Florida and Mobile Bay close to
Dauphin Island, Alabama. The authors claimed that these amoebae phagocytosed comb
plate cilia as evidenced by TEM and therefore may affect the health of the ctenophores.
However, the precise relationship between the amoeba and the host was uncertain. They
also reported observing no bacteria on the surface of the comb plates and suggested that it
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was possible the Flabellula-like gymnamoeba cleared the surface of bacteria, although
this predatory behavior was never observed. If these amoebae do indeed consume
bacteria (in addition to comb plate cilia), then it should be possible to culture the
amoebae allowing further investigation of the association. This was one of the central
aims of the present study, namely to optimize conditions for the isolation and growth of
the presumed symbiotic amoeba. Surprisingly, the ‘presumed symbiont’ was relatively
easy to keep in culture and could be grown in various formulations based on seawater
with slight organic enrichment to stimulate attendant prey bacteria. As noted above, the
amoebae also grew over a wide salinity range and although not formally tested, within
the range 15 to 35C. These were the temperatures to which cultures were exposed, and
survived, during shipping. For maximum growth potential, this study has shown that
amoebae should be grown in MY100S liquid at room temperature (ca. 23ºC) at a salinity
of 10 ppt. On the other hand, for the long term maintenance of cultures, where rapid
growth followed by a sharp drop in counts was avoided, amoebae should be grown in
MY100S liquid medium at 30 ppt salt.
Moss et al. (2001) reported that the average number of Flabellula-like amoebae
on the comb plates was 2,726 ±395 amoebae mm-2. This is considerably more than found
in the present survey. Here, the average density of amoebae on the ctenophore surface
was 313 mm-2 (range 0 to 946 amoebae mm-2). This lower average density is more in line
with numbers of amoebae reported from the surface of seaweeds (see above), the only
comparable data available. Whether Moss et al. (2001) were counting more than the
flabellulids is unknown. Certainly, the present study has shown that flabellulids were
only one of 11 species potentially present on the ctenophore surface, although when the
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surface was examined, flabellulid amoebae were the only ones routinely observed by
virtue of their density. The other complicating issue was that amoebae were not always
present on ctenophores. In the present study, a total of 94 ctenophores were examined
directly for the presence of surface amoebae, however, only 80 had visible amoebae (all
the ‘presumed symbiont’). Moss et al. (2001) also found variability in the abundance of
surface amoebae. Water at the collection sites usually ranged between 21 and 29 ppt salt
and these animals tended to harbor more amoebae. At salinities above 35 ppt they found
fewer animals and these often had fewer or no amoebae. In the present study, many of the
ctenophores collected were from offshore locations where salinities were typically around
32-35 ppt. This may have resulted in the lower densities of amoebae observed on many of
the collected ctenophores. On the other hand, it should be noted that in the present study
amoebae were counted only by light microscopy while amoeba in the study by Moss et
al. (2001) were counted by both light microscopy and scanning electron microscopy.
Geographic location is an additional factor affecting the frequency of surface
amoebae and their density. Moss et al. (2001) originally reported that amoebae were not
observed on ctenophores from the East coast of the United States and that the association
may be confined to Gulf region off Florida. However, the present study and additional
work by Moss (pers. comm.) has shown that this is incorrect. Results of this study have
shown that amoebae are present on ctenophores from waters off the coast of Florida and
in the Chesapeake Bay. Regular sampling of Mnemiopsis sp. and direct observation of
comb plates by light microscopy, was conducted on ctenophores collected from around
Florida and on one occasion from the Chesapeake Bay. From a total of 94 animals
collected around Florida and observed directly by microscopy, 80 had amoebae on the
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surface that resembled those reported by Moss et al. (2001). There was no indication that
the association had an associated biogeography as the ‘presumed symbiont’ was observed
on comb plates of ctenophore from collection sites spanning a wide geographic range.
While the numbers of amoebae on the surface clearly varied, the possession of amoebae
resembling the flabellulid ‘symbiont’ was a widespread phenomenon and was not
restricted to the Gulf region.
As noted above, the flabellulid amoeba was remarkable (i.e. distinctive)
morphologically and because it dominated the assemblage of amoebae on the surface of
ctenophores (other types, although isolated, were rare and not observed directly). The
other amoebae encountered were unremarkable and resembled species, or at least
morphytpes of amoebae, routinely isolated in samples from the water column, sediments
or submerged surfaces around Florida and in other locales. The commonest marine
amoebae isolated in surveys are fan-shaped types usually of the genera Platyamoeba and
Vannella (Page, 1983), although the reader is reminded about concerns raised by
molecular biologists such as Smirnov et al. (2007) who maintain the genera should be
merged. Numerous studies have isolated these genera and described them as being the
most common types encountered in samples. Mayes et al. (1998) reported that 89-95% of
recovered amoebae from the east coast of Antartica were morphotypes identified as
vannellids or platyamoebae (they correctly refrained from designating genera since their
identification were based on light microscopy). Armstrong et al. (2000) also reported that
that these types were very common on intertidal seaweeds, comprising 48-70% of the
recovered amoebae. Others (Rogerson and Gwaltney, 2000) described 37 morphotypes of
amoebae from mangrove waters. Only 27 were identified to genus and 6 of these were
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‘fan-shaped’ amoebae. Other amoebae found on ctenophores (see footnote page 95) were
also common and have been reported in previous studies. For example, Rogerson and
Gwaltney found species of Mayorella, Vexillifera and eruptive vahlkampfiid amoebae
from mangrove water in Florida. Sawyer (1980) also reported that Vexillifera were
common in offshore sediment samples. Valkamphiid amoebae were commonly isolated
in marine sand samples (Anderson et al., 1997; Rogerson et al., 2000; Cowie and
Hannah, 2006b) and all genera found on ctenophores were routinely isolated from coastal
sediment samples in a comprehensive study by Butler and Rogerson (2000).
A central aim of the present study was to study the Flabellula-like amoeba
originally noted by Moss et al. (2001). In the course of identifying the types of amoebae
on the surface, this was the only isolate that resembled that shown by Moss et al. (2001)
on the ctenophore comb plates (Figure 33). In short, this flabellulid amoeba was closest
to that observed in situ by Moss et al. (2001) hence the classification throughout the
present study as the ‘presumed symbiont’. It should be noted that in culture, this amoeba
was usually 7 µm in length and 15 µm in width, which is very similar to the one reported
by Moss et al. (2001) who stated the majority of amoebae had a maximum width of
15µm. In older cultures of the ‘presumed symbiont’ amoebae were observed to fuse and
form larger cells greater than 130 µm. This is an unusual trait in marine gymnamoebae.
The flabellulid amoeba had a very unusual and distinct wavy hyaline edge and a
markedly transparent hyaline zone. This transparency under phase contrast microscopy
indicates that the zone was thicker than that found on other fan shaped amoebae
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Figure 33: Scanning electron micrograph showing numerous Flabellula-like
gymnamoebae attached to comb plates. Scale: 5 µm. Image
from Moss et al., 2001 (page 297).
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(vannellids). This unusual zone suggests that the amoeba was undescribed and new to
science. It was common on 85% of the ctenophores observed but cultured out less
frequently than direct observations indicated. This suggests a slightly unusual culture
requirement on the part of this amoeba. Classic bactivorous amoebae tend to grow with
ease in enrichment cultivation. This is probably best illustrated in the case of
Acanthamoeba. These ubiquitous soil amoebae have been the focus of much research and
can be reliably cultivated even from individual trophic amoebal cells or cysts. To attempt
to increase recovery of the ctenophore amoebae, additional media formulations were tried
including some favored by parasitologists. Unfortunately, attempts at enriching the agar
base with nutrients from ctenophore tissue and animal sources (MY/MN and BCS) were
unsuccessful as were attempts at using a modified medium specifically designed for
pathogenic protozoa. Regardless, the fact that the amoeba could be cultured from tissue
and could be maintained on bacteria in the laboratory indicates that it was not an obligate
symbiont on the surface of ctenophores. Its frequency of occurrence on the surface of
animals and its morphology consistent with in situ observations strongly suggest that this
it is indeed the symbiont observed by Moss et al. (2001). Until future work is conducted
on this isolate, such as the infection studies being attempted by Moss on ctenophores
deemed free of amoebae, the isolate should still be referred to as the ‘presumed
symbiont’.
The results of the salinity challenges, and its growth in culture, both hint at the
origin of this amoeba. It is probably a free-living amoeba opportunistically capable of
thriving on the ctenophore surface. In the present study, the amoebae grew well in
salinities over the range 5-50 ppt. Like many free-living marine amoebae, this ‘presumed
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symbiont’ is euryhaline and capable of withstanding a wide range of salinity challenges.
In support of Moss et al.’s (2001) observation that amoebae were most abundant on
animals at lower salinity, the fastest growth of the ‘symbiont’ (i.e. shortest generation
time [h]) was found at 10 ppt. Here, sustained growth of cultures was continuous over
120 h (until the onset of stationary growth) and the calculated generation time was 20.9 ±
8.6 h. The slowest growth or greatest generation time was found at a salinity of 50 ppt
where the calculated generation time was 45.7 ± 18.9 h. The generation times at other
salinities tested ranged from 22.9 to 35.3 h. Other free-living gymnamoebae of
comparable dimensions show similar generation times, or at least division times within
the same order of magnitude. Comparisons with other studies are not directly comparable
since experimental temperatures were not always identical (23 °C) and size (as length)
does not always reflect cell volume. An unidentified vannellid (20 µm in length) had a
generation time of 16.0 ± 3.4 h (Maybruck and Rogerson, 2004); Platyamoeba
pseudovannellida n. sp. with a length of 14.2 µm had a mean generation time of 23.9 ±
16.6 h (Hauer et al., 2001); and Platyamoeba sp. with a length of 6.9 µm had a generation
time of 32.4 ± 6.0 h (Cowie and Hannah, 2006a). In short, these generation times
illustrate that the symbiont grows at a rate consistent with other free-living amoebae,
strengthening the contention that this is a marine amoeba that is opportunistically
symbiotic.
This raises the question of why has this amoeba not been reported in previous
ecological studies. As noted earlier, this is in part due to the few studies focusing on the
ecology of amoebae. Additionally, some species are rare within communities and
probably only numerically dominate for short periods of time when prevailing conditions
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allow them to out-compete their neighbors. Even so, a flabellulid amoeba resembling the
ctenophore amoebae was described by Rogerson and Gwaltney (2000) from a mangrove
stand in south Florida. The authors described the unidentified amoeba as having a
maximum length of 8.5 µm. Advancing cells had a fast, rolling motion with trailing
posterior filaments and a prominent anterior hyaline edge. The photomicrograph
presented in the paper (page 237, Fig. 10) was virtually identical to the presumed
symbiont in the present study. Taken together the limited available data suggest that the
flabellulid amoebae is an opportunistic symbiont on ctenophores and is free-living in
warm subtropical inshore waters where salinities, in the case of mangroves, are around 24
– 28 ppt salt. This tentative conclusion fails to address the source of symbionts on
ctenophores from other geographic locations, such as the Chesapeake Bay where 93% of
ctenophores harbored amoebae. It also fails to address the reasons why these amoebae
thrive on the ctenophore surfaces. The observation by Moss et al. (2001) that amoebae
can digest comb plates might account for its fitness in this unique location. In the course
of the in situ observations of surface amoebae, no obvious damage was noted although
any damage may have been below the resolving power of the light microscope. The
reason for why this amoeba is so widespread on ctenophores remains to be determined.
The best studied opportunistically pathogenic free-living amoebae are restricted to
freshwater/soil examples and involve the genus Acanthamoeba sp. and species Naegleria
fowleri. In nature, these amoebae are abundant and lead a bactivorous lifestyle. On rare
occasions they invade animal hosts and cause infections. Acanthamoeba can invade the
cornea passing between epithelial cells. The resulting condition, amoebic keratitis (AK)
is potentially sight threatening (Seal et al., 1998). Despite intense research effort to
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identify the cues that cause these free-living amoebae to invade the cornea, no progress
has been made. Likewise, N. fowleri can invade the nasal epithelium and pass into the
nervous system. This was first identified by Culbertson et al. (1958) who developed the
concept that free-living soil amoebae could cause disease in humans. The first reported
fatal cases were in 1964 in Florida with two cases of acute meningoencephalitis (Garcia,
2001). As pointed out by Aldape et al (1994), our understanding about infections of the
central nervous system caused by amoebae is still incomplete.
There are two opportunistically pathogenic amoebae of a marine organism well
described in the recent literature. The first is Pseudovahlkampfia emersoni. Sawyer
(1980) reported that this amoeba lived in the tissues of the blue crab. We know it is an
opportunistic pathogen because he was able to isolate P. emersoni from the digestive tract
of these crabs using two culture methods: seawater alone or agar media overlaid with
seawater. Sawyer described these amoebae as bacteriovores or cannibals in culture. An
additional host for P. emersoni was Ovalipes ocellatus, the American lady crab, where it
was found on the gill surface. The second well documented free-living amoeba that can
cause fatal infections in marine animals is Paramoeba invadens. This is a free-living
amoeba of the marine environment that can infect sea urchins (Jones, 1985). The amoeba
has been isolated from surface sea water samples off Nova Scotia. Like Acanthamoeba
and Naegleria, Paramoeba is bactiverous and grows well in the laboratory on 1.2%
artificial seawater agar pre-inoculated with Pseudomonas nautica (a marine bacterium) as
a food source (Jellett et al., 1989). For reasons unknown, it can invade sea urchins and
digest the tissue. The disease can be so devastating that amoebae have been considered as
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biological control agents to limit sea urchin populations that impact macroalgal
aquaculture operations.
It should be noted that a number of other amoebae are reportedly obligate
parasites of marine organisms (page 21, Table 1). Hartmannella tahitiensis, described by
Cheng (1970), was noted to live in the tissues of oysters (Crassostrea commercialis)
collected from Tahiti, French Polynesia. Cheng concluded that H. tahitiensis did not
invade healthy oysters, but was a secondary invader. Sprague and Beckett (1966, 1968)
and Sprague et al. (1969) described a parasitic amoeba (Paramoeba perniciosa) that
infected tissues of the blue crab Callinectes sapidus. Attempts by Sprague et al. (1969) to
maintain P. perniciosa in long-term culture were unsuccessful. It was not determined by
the authors whether this amoeba was the direct cause of death in these crabs or if it was a
secondary parasite. Sawyer (1976) later described two additional crustacean hosts for this
amoebae, Cancer irroratus and Homarus americanus.
While the consequences of the amoeba-ctenophore association are unknown, it is
an opportunistic pathogen causing un-quantified damage to the comb plates. Since
damaged plates can often times regenerate, the condition may not be pathogenic. Rather,
the effects may be ecologically subtle manifested as a decrease in growth and possibly
ecological fitness.

107

Literature Cited
Afzelius, B. A. (1961). The fine structure of the cilia from ctenophore swimming plates.
The Journal of Biophysical and Biochemical Cytology 9: 383-394.
Aldape, K., H. Huizinga, J. Bouvier, and J. McKerrow (1994). Naegleria fowleri:
Characterization of a secreted histolytic cysteine protease. Experimental
Parasitology 78: 230-241.
Anderson, O. R., and A. Rogerson (1995). Annual abundances and growth potential of
gymnamoebae in the Hudson Estuary with comparative data from the Firth of
Clyde. European Journal of Protistology 31: 223-233.
Anderson, O. R., A. Rogerson, and F. Hannah (1997). Three new limax amoebae isolated
from marine surface sediments: Vahlkampfia caledonica n. sp., Saccamoeba
marina n. sp., and Hartmannella vacuolata n. sp. Journal of Eukaryotic
Microbiology 44: 33-42.
Anderson, O. R. (1998). Densities and diversity of gymnamoebae in relation to some
inshore aquatic habitats at Bermuda. Journal of Eukaryotic Microbiology 45: 151155.
Armstrong, E., A. Rogerson, and J. W. Leftley (2000). The abundance of heterotrophic
protists associated with intertidal seaweeds. Estuarine, Coastal and Shelf Science
50: 415-424.
Azam, F., T. Fenchel, J. G. Field, J. S. Gray, L. A. Meyer-Reil, and F. Thingstad (1983).
The ecological role of water column microbes in the sea. Marine Ecology
Progress Series 10: 257-263.
Booton, G. C., A. Rogerson, T. D. Bonilla, D. V. Seal, D. J. Kelly, T. K. Beattie, A.
Tomlinson, F. Lares-Villa, P. A. Fuerst, and T. J. Byers (2004). Molecular and
Physiological Evaluation of Subtropical Environmental Isolates of Acanthamoeba
spp., Causal Agent of Acanthamoeba Keratitis. The Journal of Eukaryotic
Microbiology 51: 192–200.
Brusca, R. C. and G. J. Brusca (1990). Invertebrates. Sinauer Associates, Inc.
Sunderland, Massachusetts.
Butler, H. and A. Rogerson (1995). Temporal and spatial abundance of naked amoebae
(gymnamoebae) in marine benthic sediments of the Clyde Sea Area, Scotland.
Journal of Eukaryotic Microbiology 42: 724-730.
Butler, H. and A. Rogerson (2000). Naked amoebae from benthic sediments in the Clyde
Sea area, Scotland. Ophelia 53: 37-54.

108

Capruilo, G. M. (1990). Feeding-related ecology of marine protozoa. p.186-259. In:
Ecology of Marine Protozoa, G. M. Capriulo (ed). Oxford University Press, Inc.
New York, New York.
Castro, P. and M. E. Huber (2003). Marine Biology, 4th Edition. McGraw-Hill
Companies, Inc. New York, New York.
Chatton, E. (1909). Une Amibe, Amoeba mucicola n. sp., parasite des labres, associée à
une trichodine. C. r. Séanc. Soc. Biol., Paris 67: 690-692.
Chatton, E. (1910). Protozoaires parasites des branchies des labres: Amoeba mucicola
Chatton, Trichodina labrorum n. sp. Archs. Zool. Exp. gén. 5: 239-266.
Chatton, E. (1953). Ordre des Amoebiens nus ou Amoebaea. In: Traité de Zoologie, vol.
1, part 2. Edited by P. P. Grassé, 5-91. Paris: Masson.
Cheng, T. C. (1970). Hartmannella tahitiensis sp. n., an amoeba associated with mass
mortalities of the oyster Crassostrea commercialis in Tahiti, French Polynesia.
Journal of Invertebrate Pathology 15: 405-419.
Corliss, J. O. (2004). Why the world needs protists. Journal of Eukaryotic Microbiology
51: 8-22.
Costello, M.J., C. S. Emblow, and R. White (eds.) (2001). European Register of Marine
Species. A check-list of the marine species in Europe and a bibliography of guides
to their identification. Patrimoines naturels, 50 p.
Costello, J. H. and H. W. Mianzan (2003). Sampling field distributions of Mnemiopsis
leidyi (Ctenophora, Lobata): planktonic or benthic methods. Journal of Plankton
Research 25: 455-459.
Cowie, P. R. and F. Hannah (2006a). Impact of hydrodynamic disturbance on the
generation times of four species of marine naked amoebae. Journal of the Marine
Biological Association of the United Kingdom 86: 39-42.
Cowie, P. R. and F. Hannah (2006b). Responses of four isolates of marine naked
amoebae to reductions in salinity. Journal of Experimental Marine Biology and
Ecology 337: 196-204.
Culbertson, C. G., J. W. Smith, and J. R. Minner (1958). Acanthamoeba; observations on
animal pathogenicity. Science 127: 1506.
De Bary, A. (1879). Die Erscheinung der Symbiose. Naturforschung Versammlung
Cassel, LI, Tagebl. p. 121.

109

Foissner, W. and I. Foissner (1984). First record of an ectoparasitic flagellate of ciliates:
an ultrastructural investigation of the morphology and the mode of attachment of
Spiromonas gonderi nov. spec. (Zoomastigophora, Spiromonadidae) invading the
pellicle of ciliates of the genus Colpoda (Ciliophora, Colpodidae). Protistologica
20: 635-648.
Garcia, L. S. (2001) Diagnostic medical parasitology, 4th ed. ASM Press, Washington,
D. C.
GESAMP (1999). Opportunistic settlers and the problem of the ctenophore Mnemiopsis
leidyi invasion in the Black Sea. In GESAMP Reports and Studies No. 58, T. A. T.
(ed). https://gesamp.imo.org/no58/intro.htm
Harbison, G. R., L. P. Madin, and N. R. Swanberg (1978). On the natural history and
distribution of oceanic ctenophores. Deep-Sea Research 25: 233-256.
Harbison, G. R. (2001). The biology of Mnemiopsis leidyi in the Americas: attachment 3.
In: Mnemiopsis Leidyi in the Caspian Sea: First International Meeting. Meeting
Report. Caspian Environment Programme.
http://www.caspianenvironment.org/mnemiopsis/mnem_report.htm

Hauer, G., A. Rogerson, and O. R. Anderson. (2001). Platyamoeba pseudovannellida n.
sp., a naked amoeba with wide salt tolerance isolated from the Salton Sea,
California. Journal of Eukaryotic Microbiology 48: 663-669.
Hauer, G. and A. Rogerson (2005). Remarkable salinity tolerance of seven species of
naked amoebae (gymnamoebae). Hydrobiologia 549: 33-42.
Hogue, M. J. (1914). Studies in the life history of an amoeba of the limax group
Vahlkampfia calkinsi. Arch. Protistenk 35: 154-163.
Hollande, A. (1980). Identification du parasome (Nebenkern) αe Janickina pigmentifera à
un symbionte (Perkinsiella amoebae nov. gen. – nov. sp.) apparenté aux flagellés
kinetoplastidies. Protistologica 16: 613-625.
Hyman, L. H. (1940). The Invertebrates: Protozoa through Ctenophora. McGraw-Hill
Book Company Inc. New York, New York.
Janicki, C. (1912). Paramoebenstudien (P. pigmentifera Grassi und P. chaetognatha
Grassi). Z. wiss. Zool. 103: 449-518.
Janicki, C. (1928). Studien am Genus Paramoeba Schaud. Neue Folge I. Teil. Z. wiss.
Zool. 131: 588-644.
Janicki, C. (1932). Studien am Genus Paramoeba Schaud. Neue Folge II. Teil. Über das
Trichopodium nebst einer Ergänzung zum I. Teil. Z. wiss. Zool. 142: 587-623.
110

Jankowski, A. V. (1963). Pathology of Ciliophora II. Life cycles of Suctoria parasiting in
Urostyla and Paramecium. Tsitologia 5: 428-439. (in Russian with English
summary).
Jellett, J. F., and R. E. Scheibling. (1988). Effect of temperature and prey availability on
growth of Paramoeba invadens in monoxenic culture. Applied and Environmental
Microbiology 54: 1848-1854.
Jellett, J. F., J. A. Novitsky, J. A. Cantley, and R. E. Scheibling. (1989). Non-occurrence
of free-living Paramoeba invadens in water and sediments of Halifax Harbour,
Nova Scotia, Canada. Marine Ecology Progress Series 56: 205-209.
Johnson, P. T. (1977). Paramoebiasis in the blue crab, Callinectes sapidus. Journal of
Invertebrate Pathology 29: 308-320.
Jones, G. M. (1985). Paqramoeba invadens nov. sp. (Amoebida: Paramoebidae), a
pathogenic amoeba from the sea urchin Strongylocentrotus droebachiensis in
Eastern Canada. Journal of Protozoology 32: 564-569.
Karleskint, G., R. Turner, and J. Small (2006). Introduction to Marine Biology, 2nd
Edition. Thomson Brooks/Cole. Toronto, Ontario.
Kirchman, D. L. (ed.) (2000). Microbial Ecology of the Oceans. Wiley-Liss, New York.
Kopylov, A. I. and A. F. Sahin (1988). Heterotrophic nanoplankton: its composition,
abundance and trophic characteristics. In: Ekosistemy Subantarktitsheskoi Sony
Tichovo Okeana (Ecosystems of the Sub-Antarctic Zone of the Pacific),
Vinogradov, M. E. and M. V. Flint (eds.). Mauka, Moscow.
Kremer, P. (1994). Patterns of abundance for Mnemiopsis in US coastal waters: a
comparative overview. ICES Journal of Marine Science 51: 347-354.
Kreps, T. A., J. E. Purcell, and K. B. Heidelberg (1997). Escape of the ctenophore
Mnemiopsis leidyi from the scyphomedusa Chrysaora quinquecirrha. Marine
Biology 128: 441-446.
Larson, R. J. (1988). Feeding and functional morphology of the lobate ctenophore
Mnemiopsis mccradyi. Estuarine, Coastal and Shelf Science 27: 495-502.
Le Calvez, J. (1939). Une Amibe, Vahlkampfia discorbini, n. sp., parasite du foraminifère
Discorbis mediterannensis (d’Orbigny). Archs Zool. Exp. gén. 81: 123-129.
Lee, J. J. and G. M. Capriulo (1990). The ecology of marine protozoa: an overview. p. 345. In: Ecology of Marine Protozoa, G. M. Capriulo (ed). Oxford University
Press, Inc. New York, New York.

111

Martindale, M. Q. (1987). Larval reproduction in the ctenophore Mnemiopsis mccradyi
(order Lobata). Marine Biology 94: 409-414.
Maybruck, B. and A. Rogerson (2004). Protozoan epibionts on the prop roots of the Red
Mangrove Tree, Rhizophora mangle. Protistology 3: 265-272.
Mayes, D. F., A. Rogerson, H. J. Marchant, and J. Laybourn-Parry (1998). Temporal
abundance of naked bacterivore amoebae in coastal east Antarctica. Estuarine,
Coastal and Shelf Science 46: 565-572.
Mills, C. E. Internet 1998-present. Phylum Ctenophora: list of all valid species names.
Updated May 2007. http://faculty.washington.edu/cemills/ctenolist.html
Moran, D. M., O. R. Anderson, M. R. Dennett, D. A. Caron, and R. J. Gast (2007). A
description of seven Antarctic marine gymnamoebae including a new subspecies,
two new species and a new genus: Neoparamoeba aestuarina antarctica n.
subsp., Platyamoeba oblongata n. sp., Platyamoeba contorta n. sp. and
Vermistella antarctica n. gen. n. sp. Journal of Eukaryotic Microbiology 54: 169183.
Moss, A. G., A. M. Estes, L. A. Meullner, and D. D. Morgan (2001). Protistan epibionts
of the ctenophore Mnemiopsis mccradyi Mayer. Hydrobiologia 451: 295-304.
Miller, R. J. (1974). Distribution and biomass of an estuarine ctenophore population,
Mnemiopsis leidyi (A. Agassiz). Chesapeake Science 15: 1-8.
Newman, M. W. and G. E. Ward Jr. (1973). An epizootic of blue crabs, Callinectes
sapidus caused by Paramoeba perniciosa. Journal of Invertebrate Pathology 22:
329-334.
NIMPIS (2002). Mnemiopsis leidyi species summary. National Introduced Marine Pest
Information System (Eds: Hewitt C.L., Martin R.B., Sliwa C., McEnnulty, F.R.,
Murphy, N.E., Jones T. & Cooper, S.). http://crimp.marine.csiro.au/nimpis
O’Kelly, C. J., M. T. Peglar, M. N. D. Black, T. K. Sawyer, and T. A. Nerad (2001).
Korotnevella hemistylolepis n. sp. and Korotnevella monacantholepis n. sp.
(Paramoebidae), two new scale-covered mesohaline amoebae. Journal of
Eukaryotic Microbiology 48: 655-662.
Page, F. C. (1983). Marine Gymnaomoebae. Institute of Terrestrial Ecology, Cambridge,
England. 54p.
Page, F. C. (1988). A New Key to Freshwater and Soil Gymnamoebae. Freshwater
Biological Association, Ambleside. 122p.

112

Patterson, D. (2000a). Amoebae: Protists which move and feed using pseudopodia. Tree
of Life Web Project. http://tolweb.org/notes/?note_id=51
Patterson, D. (2000b). Changing views of systematics: the taxonomy of protozoa – an
overview. In An Illustrated Guide to the Protozoa, 2nd Edition. J. Lee, G. Leedale,
and P. Bradbury (eds.) Society of Protozoologists, Allen Press Inc., Lawrence,
Kansas.
Pechenik, J. A. (1985). Biology of the Invertebrates. PWS Publishers, Boston,
Massachusetts.
Peglar, M. T., L. A. Amaral Zettler, O. R. Anderson, T. A. Nerad, P. M. Gillevet, T. E.
Mullen, S. Frasca Jr., J. D. Silberman, C. J. O’Kelly, and M. L. Sogin (2003).
Two new small-subunit ribosomal RNA gene lineages within the subclass
gymnamoebia. Journal of Eukaryotic Microbiology 50: 224-232.
Perkins, F. O., and M. Castagna (1971). Ultrastructure of the Nebenkörper or “secondary
nucleus” of the parasitic amoeba Paramoeba perniciosa (Amoebida,
Paramoebidae). Journal of Invertebrate Pathology 17: 186-193.
Polne-Fuller, M., A. Rogerson, H. Amano, and A. Gibor (1990). Digestion of seaweeds
by the marine amoeba Trichosphaerium. Hydrobiologia 204/205: 409-413.
Purcell, J.E. and J. H. Cowan (1995). Predation by the scyphomedusan Chrysaora
quinquecirrha on Mnemiopsis leidyi ctenophores. Marine Ecology Progress
Series 129: 63-70.
Purcell, J. E. and M. N. Arai (2001). Interactions of pelagic cnidarians and ctenophores
with fishes: A review. Hydrobiologia 451: 27-44.
Purcell, J. E., T. A. Shiganova, M. B. Decker, and E. D. Houde (2001). The ctenophore
Mnemiopsis in native and exotic habitats: U. S. estuaries versus the Black Sea
basin. Hydrobiologia 451: 145-176.
Purcell, J. E. and M. B. Decker (2005). Effects of climate on relative predation by
scyphomedusae and ctenophores on copepods in Chesapeake Bay during 19872000. Limnology and Oceanography 50: 376-87.
Purcell, J. E. (2005). Climate effects on formation of jellyfish and ctenophore blooms: a
review. Journal of the Marine Biological Association of the United Kingdom 85:
461-476.
Purves, W. K., G. H. Orians, H. C. Heller, and D. Sadava (1998). Life: The Science of
Biology, 5th Edition. Sinauer Associates, Inc. Sunderland, Massachusetts.

113

Rogerson, A. (1991). On the abundance of marine naked amoebae on the surfaces of five
species of macroalgae. FEMS Microbiology Ecology 85: 301-312.
Rogerson, A. and J. Laybourn-Perry (1992). The abundance of marine naked amoebae in
the water column of the Clyde estuary. Estuarine, Coastal and Shelf Science 34:
187-196.
Rogerson, A., F. J. Hannah, and O. R. Anderson (1998a). A redescription of
Rhabdamoeba marina, an inconspicuous marine amoeba from benthic sediments.
Invertebrate Biology 117: 261-270.
Rogerson, A., A. G. Williams, and P. C. Wilson (1998b). Utilisation of macroalgal
carbohydrates by the marine amoeba Trichosphaerium sieboldi. Journal of the
Marine Biological Association of the United Kingdom 78: 733-744.
Rogerson, A. and C. Gwaltney (2000). High Numbers of Naked Amoebae in the
Planktonic Waters of a Mangrove Stand in Southern Florida, USA. Journal of
Eukaroytic Microbiology 47: 235-241.
Rogerson, A., F. Hannah, G. Hauer, and P. Cowie (2000). Numbers of naked amoebae
inhabiting the intertidal zone of two geographically separate sandy beaches.
Journal of the Marine Biological Association of the United Kingdom 80: 731-732.
Rogerson, A. and D. Patterson (2000). The naked ramicristate amoebae (gymnamoebae)
In An Illustrated Guide to the Protozoa, 2nd Edition. J. Lee, G. Leedale, and P.
Bradbury (eds.) Society of Protozoologists, Allen Press Inc., Lawrence, Kansas.
Rogerson, A. and G. Hauer (2002). Naked amoebae (Protozoa) of the Salton Sea,
California. Hydrobiologia 473: 161-177.
Rogerson, A., O. R. Anderson, and C. Vogel (2003). Are planktonic naked amoebae
predominantly floc associated or free in the water column? Journal of Plankton
Research 25: 1359-1365.
Ruppert, E. and R. Barnes (1994). Invertebrate Zoology, 6th Edition. Thomsom Learning,
Inc. Toronto, Ontario.
Sawyer, T. K. (1969). Preliminary study on the epizootiology and the host-parasite
relationship of Paramoeba sp. in the blue crab, Callinectes sapidus. Proceedings
of the National Shellfisheries Association 59: 60-64.
Sawyer, T. K. (1976). Two new crustacean hosts for the parasitic amoeba, Paramoeba
perniciosa. Transactions of the American Microscopical Society 95: 271.
Sawyer, T. K. (1980). Marine Amebae from clean and stressed bottom sediments of the
Atlantic Ocean and Gulf of Mexico. Journal of Protozoology 27: 13-32.
114

Seal, D., A. Bron, and J. Hay (1998). Occular Infection: Investigations and Treatment in
Practice. Martin Dunitz Ltd., London, 269 p.
Seravin, L. N. (1994). The systematic revision of the genus Mnemiopsis (Ctenophora,
Lobata). II: Species attribution of Mnemiopsis from the Black Sea and the species
composition of the genus Mnemiopsis. Zoologičeskij žurnal 73: 19-34.
Shiganova, T. (2001). Mnemiopsis leidyi (A. Agassiz, 1965). P. P. Shirshov Institute of
Oceanology RAS. Caspian Environment Programme.
http://www.caspianenvironment.org/biodb/eng/zooplankton/Mnemiopsis%20leidyi/main.htm

Shiganova, T. A., A. F. Sokolsky, M. I. Kaptyuk, A. M. Kamakin, D. Tinenkova, and E.
K. Kuraseva (2001). Investigation of invader ctenophore Mnemiosis leidyi and its
effect on the Caspian ecosystem in Russia in 2001. A paper presented during the
CEP Regional Mnemiopsis Advisory Group First Workshop, Baku, Azerbaijan, 34 December 2001.
Shiganova, T., and V. Panov (2003). Mnemiopsis leidyi A. Agassiz, 1985. Regional
Biological Invasions Center. http://www.zin.ru/projects/invasions/gaas/mnelei.htm
Sieburth, J. McN. (1979). Sea Microbes. Oxford University Press, New York.
Sims, G. P., R. Aitken, and A. Rogerson. (2002). Identification and phylogenetic analysis
of morphologically similar naked amoebae using small subunit ribosomal RNA.
Journal of Eukaryotic Microbiology 49: 478-484.
Smirnov, A., and S. Brown (2003). Getting started: brief manual to identification of
gymnamoebae. http://amoeba.ifmo.ru/guide.htm
Smirnov, A. V., E. S. Nassonova, E. Chao, and T. Cavalier-Smith. (2007). Phylogeny,
evolution, and taxonomy of vannellid amoebae. Protist 158: 295-324.
Smith, D. C. and A. E. Douglas. (1988). The Biology of Symbiosis. Edward Arnold
Publishers. 287 p.
Sprague, V. and R. L. Beckett (1966). A disease of blue crabs (Callinectes sapidus) in
Maryland and Virginia. Journal of Invertebrate Pathology 8: 287-289.
Sprague, V. and R. L. Beckett (1968). The nature of the etiological agent of ‘grey crab’
disease. Journal of Invertebrate Pathology 11: 503.
Sprague, V., R. L. Beckett, and T. K. Sawyer (1969). A new species of Paramoeba
(Amoebida, Paramoebidae) parasitic in the crab Callinectes sapidus. Journal of
Invertebrate Pathology 14: 167-174.
Stanier, R. Y., E. A. Adelberg, and J. Ingraham (1976). The Microbial World. Prentice
Hall Inc., New Jersey.
115

Sudzuki, M. (1979). Psammobiont Rhizopoda and Actinopoda from marine beaches of
Japan. Acta Protozoologica 18: 293-304.
Zuelzer, M. (1927). Über Amoeba biddulphiae n. sp., eine in der marinen Diatomee
Biddulphia sinensis Grèv. parasitierende Amöbe. Arch. Protistenk. 57: 247.

116

Appendix 1
Media formulation:
Cereal leaf infusion in 100% seawater (C100S liquid)
Sterile filtered seawater
1l
Cerophyl
1g
Bring to boil, boil 5 minutes and filter. Restore to volume with
sterile filtered seawater and autoclave.
Malt/yeast supplements to 100% seawater solidified with non-nutrient
agar (MY100S agar)
Sterile filtered seawater
1l
Malt extract
0.1 g
Yeast extract
0.1 g
Non-nutrient agar
15 g
Dissolve the powders completely and autoclave.
Føyn’s Erdschreiber soil extract medium made up in seawater (FErds)
Stock solutions
NaNO3 20 g in 100 ml sterile filtered seawater
Na2HPO4
1.18 g in 100 ml sterile filtered seawater
Soil extract
Unmanured garden soil
1 kg
Sterile filtered seawater
1l
Bring soil extract to pH 8 with NaOH. Autoclave for one hour at
15 lbs pressure. Decant or filter supernatant, which is the
soil extract.
Final composition
Sterile filtered seawater
950 ml
Soil extract
50 ml
1 ml
NaNO3
Na2HPO4
1 ml
Cereal leaf infusion in 100% seawater solidified with non-nutrient agar
(C100S)
Sterile filtered seawater
1l
Cerophyl
1g
Non-nutrient agar
15 g
Bring seawater and cerophyl to a boil, boil 5 minutes and filter.
Restore to volume with sterile filtered seawater and
dissolve agar in liquid. Autoclave.
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Malt/yeast supplements in 100% seawater (MY100S liquid)
Sterile filtered seawater
1l
Malt extract
0.1 g
Yeast extract
0.1 g
Dissolve the powders completely and autoclave.
Malt/yeast supplements in 100% seawater solidified with non-nutrient
agar enriched with vortexed Mnemiopsis sp. tissue
(MY/MN).
10 vortexed Mnemiopsis sp.
Sterile filtered seawater (enough to add to vortexed Mnemiopsis sp.
to make 1 l)
Malt extract
0.1 g
Yeast extract
0.1 g
Non-nutrient agar
15 g
Dissolve powders completely and autoclave.
Balamuth’s Egg Yolk Infusion (BEYI) made up in seawater
Buffer
K2HPO4
1.0 g
KH2PO4
0.6 g
Sterile filtered seawater
860 ml
Bring to pH of 8.0 with NaOH
Liver Extract Solution
Liver powder
5g
Sterile filtered seawater
100 ml
Bring to a boil and filter through gauze
Egg Yolk Infusion
Hard-boiled egg yolks
12
Buffer
375 ml
Place in a 1 L flask
Heat to 80°C
Decant and filter through gauze
Restore liquid to 375 ml with buffer
Autoclave
Cool in refrigerator to 10°C
Filter through gauze
Add 372 ml of buffer
Agar medium
Liver extract solution
80 ml
Egg yolk infusion
720 ml
Agar
8.8 g
Mix and autoclave
Allow to cool to 45°C and pour agar medium in Petri dishes.
Incubate for 1 day at 37°C to check for sterility.
Inoculate sample on agar plate.
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Sterile filtered seawater enriched with bovine calf serum (BCS)
Sterile filtered seawater
990 ml
Bovine calf serum
10 ml
Mix and autoclave.
Amoeba saline
Calcium chloride
Magnesium sulfate
Potassium phosphate
Reagent grade distilled water
Sodium chloride
Sodium phosphate
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0 .0004 g
0.0004 g
0.14 g
1l
0.12 g
0.14 g

Appendix 2
Methods for fixation:
1. Acquire 10 healthy cultures of cells in liquid media and pour off liquid.
2. Add 1 ml of 2.5% gluteraldehyde in 0.1 M buffer.
0.1 M buffer: 2.14 g sodium cacodylate in 100 ml sterile filtered seawater
3. Fix at 4°C for 1 hour.
4. Loosen cells from culture dish with a rubber policeman and flush pipette to
bring cells into suspension and pipette solution into a clean glass
centrifuge tube.
5. Spin at 2000 rpm for 3 minutes and remove supernatant without disturbing
pellet.
6. Add 5 ml of 0.1 M buffer as a rinse and spin again at 2000 rpm for 3 minutes.
7. Remove supernatant.
8. Repeat the rinse by adding another 5 ml of 0.1 M buffer and spinning again at
2000 rpm for 3 min. Remove supernatant.
9. Post-fix the pellet by adding 5 ml of 2% oxmium tetroxide (OsO4) and
cool at 4°C for 2 hours.
10. Remove and spin at 2000 rpm for 3 minutes and remove supernatant.
11. Enrobe pellet in 0.8% Ionagar and place immediately on ice.
12. Remove pellet with 30% EM grade acetone.
13. Cut pellet of cells into small pieces to improve penetration of resin.
14. Complete a dehydration series of EM grade acetone mixed with distilled water.
10 minutes at each concentration
30%, 35%, 45%, 55%, 65%, 75%, 85%, 95%, 100%, 100%, 100%
15. Prepare resin according to recipe provided with the kit.
(Polysciences Ultra-Low Viscosity Embedding Resin)
16. Add a 50:50 solution of resin mix and EM grade acetone to pellet pieces.
17. Place under vacuum pump for 8 hours.
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18. Mix fresh resin and add 100% resin to pellet pieces.
19. Place under vacuum pump for 2 hours.
20. Place each piece in a beem capsule and incubate at 70°C for 12 hours.
21. Beem capsules were then sent to Dr. O. R. Anderson for sectioning and
visualization in the TEM.
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Appendix 3
DNeasy Kit Manufacturer’s Instructions
(All solutions other than specimen are provided by the kit.)
1. Place 1.5 ml of culture in a microcentrifuge tube and spin for 10 minutes at 7,500
rpm and discard the supernatant.
2. Resuspend the pellet in 180 µL of Buffer ATL.
3. Add 20 µL of Proteinase K, mix by vortexing and incubate at 55°C, vortexing
occasionally until the cells are lysed (about 1-3 hours). The lysate should appear
liquid.
4. Following the lysis, vortex for 15 seconds and add 200 µL of Buffer AL. Mix
thoroughly by vortexing and incubate at 70°C for 10 minutes.
5. Add 200 µL of ethanol to the sample and mix thoroughly by vortexing.
6. Pipet the mixture into the DNeasy spin column placed into a 2 ml collection tube.
7. Centrifuge at 8000 rpm for 1 minute and discard the flow-through and collection
tube.
8. Place the DNeasy spin column into a new 2 ml collection tube and add 500 µL of
Buffer AW1.
9. Centrifuge at 8000 rpm for 1 minute and discard the flow-through and collection
tube.
10. Place the DNeasy spin column into a new 2 ml collection tube and add 500 µL of
Buffer AW2.
11. Centrifuge at full speed for 3 minutes to dry the membrane and discard the flowthrough and collection tube.
12. Place the DNeasy spin column in a clean 1.5 ml or 2 ml microcentrifuge tube (not
provided) and pipet 200 µL of Buffer AE directly onto the DNeasy membrane.
13. Incubate at room temperature for 1 minute and centrifuge for 1 minute at 8000
rpm to elute.
14. Repeat the elution once as described in steps 12 and 13.
15. Products were sent to Dr. R.J. Gast, Woods Hole Oceanographic Institute
[WHOI], Mass. for sequencing.
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